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ABSTRACT 


The  objectives  of  this  ONR  sponsored  University  Research  Initiative  (URI)  entitled 
“Materials  for  Adaptive  Structural  Acoustic  Control”  concern  both  basic  fundamental  studies  and 
highly  applied  development  of  the  piezoelectric  and  electrostrictive  ferroelectric  ceramics  which 
carry  both  the  sensing  and  actuation  functions  for  adaptive  control.  The  report  documents  work 
over  the  third  year  of  this  five  year  program.  For  convenience  and  continuity,  the  activities  are 
grouped  under  the  headings”  General  Summary  Papers,  Materials  Studies,  Composite  Sensors, 
Actuator  Studies,  Integration  Issues,  Processing  Studies,  Thin  Film  Ferroelectrics,  and  the 
Abstracts  of  graduating  students  on  the  program. 

The  first  general  papers  illustrate  the  educational  role  undertaken  by  MRL  faculty  both  in 
the  basic  understanding  of  ferroics,  and  in  the  philosophy  of  their  application  in  ‘smart’  systems. 
It  is  interesting  that  through  work  pioneered  on  earlier  ONR  programs  in  MRL,  it  is  now  possible 
to  measure  both  direct  and  converse  electrostrictive  response  in  simple  solids,  and  to  thus  explore 
models  to  explain  the  signs  and  magnitudes  of  these  striction  constants.  The  relaxor  ferroelectrics 
have  been  a  topic  of  study  for  more  than  30  years  in  the  laboratory,  but  recent  breakthroughs  have 
revolutionized  the  level  of  understanding  and  opened  a  vista  for  further  potential  application  of  size 
(scale)  effects  in  ferroics.  Electrical  control  of  shape  memory  has  been  achieved  in  a  number  of 
electro-ferroic  solids,  but  full  exploitation  will  need  more  complete  understanding  of  both 
ferroelectric  and  ferroelasticrferroelectric  domain  wall  processes.  Photostriction,  the  combination 
of  photovoltaic  and  piezoelectric  effects  in  ceramics  promises  an  interesting  range  of  new  device 
possibilities. 

In  material  studies,  the  elegant  work  on  lanthanum  modified  lead  titanate  has  now  been 
fully  written  up,  and  the  vital  role  of  strain  coupling  in  the  onset  of  diffuse  response  underscored. 
New  experimental  methods  have  been  applied  to  separating  and  measuring  intrinsic  and  extrinsic 
components  of  response  in  PZT  ceramics  and  to  the  measurement  of  microwave  properties  in  these 
high  K  systems.  Soft,  intermediate,  and  hard  modified  lead  zirconate  and  PZT  composition  have 
been  under  study  for  new  and  more  interesting  morphotropic  phase  boundaries  which  could  be 
fabricated  in  single  crystal  form.  Both  optical  birefringence  and  Raman  studies  are  being  used  to 
explore  domain  and  phase  changes. 

In  sensing  studies,  the  focus  has  been  maintained  upon  flextensional  (Moonie)  structures 
and  the  enhanced  performance  which  new  end  cap  designs  are  affording.  The  polyvinylidene 
fluoride/trifluoethylene  piezoelectrics  are  themselves  an  interesting  composite  system  where  the 
lower  symmetry  demands  more  complete  characterization.  The  1:3  rod  and  tube  type  composites 
have  many  performance  advantages  and  trade-offs  which  will  ensure  wider  scale  application  now 
that  economical  assembly  techniques  are  at  hand. 


For  actuation,  the  flextensional  (Moonie)  offers  a  number  of  advantages  which  merit 
further  study.  Both  material  and  multilayer  device  related  fatigue  and  destruction  mechanisms  are 
under  study,  and  modes  to  control  and  alleviate  microcracking  and  space  change  degradation  are 
examined.  More  detailed  studies  of  the  photostriction  effects  and  their  control  by  doping  effects  in 
PZTs  have  also  been  accomplished. 

Integration  studies  have  continued  to  explore  the  components  which  must  be  co-processed 
in  the  smart  material  or  adaptive  assemblage.  Examples  are  the  thick  film  conductors  in  copper  or 
silver/palladium,  the  0:3  high  density  piezoelectric  polymer  composites  and  the  filter  functions 
required  to  eliminate  cross  talk  in  the  wiring  system. 

Processing  studies  are  essential  to  the  fabrication  of  the  very  wide  range  of  materials 
demanded  by  all  elements  of  the  program.  Relaxor  materials  have  formed  the  focus  for  many 
processing  activities  but  more  recently  the  needs  for  high  strain  actuation  are  refocusing  interest  on 
phase  switching  antiferroelectricrferroelectric  compositions  in  the  high  lead  zirconate  PLZTs  and 
PSnZTs  with  mounting  evidence  for  multiple  ferroelectric  phases  appearing  under  high  fields. 

Thin  film  papers  have  been  selected  from  the  extensive  work  in  MRL  on  ferroelectric  films 
because  of  their  relevance  to  transduction  in  piezoelectric  or  phase  switching  compositions. 
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The  Piezoelectric,  Elastic  and  Dielectric  Constants  For  Ceramics  In  The 
Solid  Solution:  (x)  PbZr03  -  (1-x-z)  Pb(Zni/3Nb2/3)03  -  (z)  PbTi03 


Edward  F.  Alberta  and  Amar  S.  Bhalla 

The  Pennsylvania  State  University,  Materials  Research  Laboratory 
University  Park,  Pennsylvania  16802  USA 


T.  Takenaka 

Faculty  of  Science  and  Technology,  Science  University  of  Tokyo, 
Noda,  Chiba-ken  278  Japan 


ABSTRACT 

In  earlier  work  the  existence  of  a  morphotropic  phase  boundary  separating  an 
antiferroelectric  and  a  ferroelectric  phase  has  been  found  in  the  solid  solution  system 
(x)  PbZr03  -  (1-x-z)  Pb(Zni/3Nb2/3)03  -  (z)  PbTi03  [PZNT  (x/z)].  This  paper  further 
explores  the  electrical  field  dependence  of  various  material  properties  near  this  boundary. 
Some  of  those  properties  measured  are  the  piezoelectric  coefficients  (d3i,  k3i  and  kp), 
the  dielectric  constant  (E33),  and  the  elastic  constant  (sn^)-  In  addition,  the  pyroelectric 
effect  and  hysteresis  behavior  are  also  examined. 


INTRODUCJriON 

Material  systems  capable  of  altering  their  physical  properties  in  response  to 
environmental  changes  are  becoming  increasingly  attractive.  Applications  of  these  very 
smart  systems  are  indeed  numerous.  A  few  of  these  are:  mechanical  vibration  control, 
acoustic  damping,  aerodynamic  flow  control,  micro-positioning,  chemical  detection,  and 
temperature  control.  Piezoe  2tric  se  or/actuator  materials  seem  to  be  promising 
candidates  for  use  in  many  of  u.ese  appli. .  dons.^ 


Control  over  the  piezoelectric  response  is  the  key  to  the  operation  of  such  a 
device.  Previous  work  by  Kumar^  has  shown  that  the  elastic  propenies  of  a  multilayer 
piezoelectric  transducer  can  be  altered  in  response  to  an  applied  stress.  This  was 
accomplished  by  sensing  the  stress  applied  to  the  device  and  subsequendy  altering  the 
applied  driving  voltage.  Another  of  smart  piezoelectric  devices  is  the  tunable  transducer. 
This  type  of  transducer  exploits  the  non  linearity  in  the  piezoelectric  response  that  is 
found  in  some  materials.  Previous  work  by  Taylor^  has  shown  that  the  morphotropic 
phase  boundary  composition  0.9  Pb(Mgi/3Nb2/3)03  -  0.1  PbTi03  [PMN:PT]  displays 
this  form  of  nonlinear  piezoelectric  response.  By  applying  a  small  dc  bias  to  the 
material,  d33  can  be  seen  to  increase  from  0  pC/N  at  zero  field  to  a  maximum  of  1500 
pC/N  at  3.7  kV/cm. 

The  PZNT  system,  due  to  similarities  with  PMN:PT,  was  thought  to  possibly 
exhibit  analogous  behavior.  Takenaka'^  first  explored  this  system  near  the  room 
temperature  orthorhombic  to  rhombohedral  morphotropic  phase  boundary.  Remanent 
polarizations  of  approximately  30  \iClcnfi  and  piezoelectric  coupling  factors  of 
ki5~58%,  k33~30%  and  k3i~10%  were  found.  The  system  was  also  thought  to  be 
promising  for  pyroelectric  applications  due  to  relatively  large  values  of  the  pyroelectric 
coefficient  and  low  dielectric  constant  in  compositions  with  this  rhombohedral  phase 
transition  near  room  temperature. 

This  paper  reports  the  electric  field  dependence  of  various  material  parameters. 
Among  these  are  the  real  and  imaginary  parts  of  the  dielectric  constant  (£33),  elastic 
compliance  (su^),  and  the  piezoelectric  coefficient  d3i.  Also,  hysteresis  and 
pyroelectric  properties  are  addressed. 


EXPERIMENTAL  PROCEDURES 

Ceramic  samples  of  various  PZNT  (x/z)  compositions  near  the  room  temperature 
morphotropic  phase  boundary  were  prepared.  Those  samples  containing  0  mol%  PT  (i.e. 
y=0)  were  referred  to  as  PZZN  (x).  For  all  experiments  the  samples  were  polished  to  a  1 
|j.m  finish  using  diamond  paste. 

The  polarization  versus  electric  field  hysteresis  loops  were  generated  at  10  Hz 
using  a  modified  Sawyer-Tower  circuit.  During  the  experiment  the  samples  were 
immersed  in  a  silicone  oil  bath.  The  bath  temperature  was  controlled  by  a  nir  ogen  fed 
furnace.  Data  was  acquired  using  an  automated  measurement  system  controlled  by  a 
desk  top  computer. 


The  temperature  dependence  of  the  dielectric  constant  was  measured  at  various 
frequencies  in  a  temperature  range  from  -100  °C  to  250  “C  using  a  computer  controlled 
measurement  system.  This  system  consisted  of  a  multifrequency  LCR  meter  (HP4274A, 
Hewlett  Packard  Co.),  desktop  computer  (HP  9816)  and  a  nitrogen  fed  furnace.  Various 
electrical  bias  voltages  were  then  applied  to  the  sample  by  an  external  power  supply. 

For  piezoelectric  measurements,  the  samples  were  prepared  as  thin  disks  with 
typical  dimensions  of  20  x  0.2  mm  or  as  long  thin  bars  with  typical  dimensions  of  20  x  2 
X  0.2  mm.  All  resonance  measurements  were  made  using  an  HP  4192A  Impedance 
Analyzer.  The  calculations  of  the  compliance,  s^^,  piezoelectric  coefficient,  d3i, 
dielectric  constant,  E33,  and  coupling  coefficient,  k3i,  were  made  using  the  appropriate 
admittance  equation  of  either  a  bar  or  disk  resonator.  For  the  bar  shaped  resonators,  the 
imaginary  values  of  these  parameters  were  found  by  assuming  the  s^^^  ^31  and  £33  to  be 
complex  values  as  follows: 


Y  =  j 


.  (Olw 


-33 


Iwd. 


31 


tan 


2 


(1) 


where: 

w  =  width,  p  =  density,  t  =  thickness, 
0)  =  frequency  and  /  =  length 

and; 


(2) 

^11  ~  ^11  "^7^11 

(3) 

^11  ~  1  I 

(4) 

The  complex  admittance  equation  is  then  solved  by  the  method  described  by  Smits^  and 
latter  by  Damjanovic.^  This  method  involves  an  iterative  calculation  using  an  initial 
guess  of  the  elastic  constant  and  three  values  of  the  admittance  near  resonance. 

The  pyroelectric  data  was  obtained  using  the  Byer-Roundy  method.  The 
pyroelectric  coefficient,  P3,  and  spontaneous  polarization,  Pj,  for  the  ceramic  specimens 
were  measured  using  an  HP-4 1403  picc  immeter  controlled  by  an  HP-9121  computer. 
Temperature  was  regulated  by  a  Delta  D.  gn  2300  furnace  with  a  working  temperature 
range  of  -175  “C  to  250  °C.  Samples  wt  .;  poled  in  the  sample  holder  at  100  “C  and 


poled  during  cooling  to  the  starting  temperature.  The  samples  were  then  heated  at  +4 
°C/min  as  the  data  was  taken. 

RESULTS  AND  DISCUSSION 

(a)  Hysteresis  Measurements. 

Hysteresis  data  was  taken  for  six  PZZN  compositions.  These  were  x=92.5,  92.8, 
93.0,  93.2,  93.5  and  95.0  mol%  PZ.  Initially,  the  hysteresis  loops  were  made  using 
samples  with  no  prior  heat  treatment.  The  results  showed  the  antiferroelectric  to 
ferroelectric  phase  transition  (A^  to  Fqj)  to  be  located  between  the  compositions  PZZN 
(93.0)  and  PZZN  (93.2)  (figure  3).  The  ferroelectric  compositions  showed  coercive 
fields  between  15  kV/cm  and  16  kV/cm.  The  remanent  polarization  in  both  PZZN  (92.8) 
and  PZZN  (92.5)  was  approximately  28  ^C/cm^  and  decreased  slightly  with  increasing 
concentration  of  PZ.  For  PZZN  (93.0)  the  remanent  polarization  was  found  to  be  32.2 
p,Cycm^.  This  was  slightly  higher  than  that  would  have  been  predicted  based  on  the 
previously  mentioned  values  and  is  probably  due  to  the  morphotropic  phase  boundary 
and  its  increase  number  of  domain  states.  With  further  increases  in  concentration  of  PZ 
above  93.0%  (i.e.,  PZZN(93.2),  PZZN  (93.5),  etc.)  the  remanent  polarization  falls  to 
0.00  |4Cycm2. 

The  room  temperature  antiferroelectric  phase  compositions,  PZZN  (93.2),  PZZN 
(93.5)  and  PZZN  (95.0)  showed  no  hysteresis  initially.  Typical  antiferroelectric  behavior 
was  found  for  PZNT  (95/5).  The  antiferroelectric  hysteresis  loop  for  this  composition  is 
shown  in  figure  5. 

Next,  the  samples  were  poled  at  100  °C  for  15  minutes  and  then  cooled,  with  the 
field  still  applied,  to  room  temperature.  Following  this  treatment,  all  three  showed 
ferroelectric  hysteresis  loops  comparable  to  those  of  the  ferroelectric  samples  studied. 
This  implies  that  the  F„  phase  is  metastable  at  room  temperature  in  these  compositions. 
The  coercive  field  for  this  induced  phase  was  found  to  be  between  15  kV/cm  and  16 
kV/cm.  The  induced  remanent  polarization  decreased  with  increasing  concentration  of 
PZ  to  a  low  of  6.13  pC/cm^  in  PZZN  (95.0). 

The  temperature  dependence  of  P^  for  PZZN  (93.5)  is  shown  in  figure  6.  This 
confirms  that  the  F„  phase  is  stable  during  cooling  to  20  “C.  During  heating,  however, 
the  F„  phase  is  not  stable  until  75  “C.  After  combining  the  heating  and  cooling  data,  a 
thermal  hysteresis  of  55  “C  is  observed. 


(b)  Dielectric  Measurements. 

Due  to  the  large  concentration  of  PZ  in  the  compositions  studied,  the  relaxor 
nature  of  the  PZN  component  was  suppressed.  To  illustrate  this  the  frequency 
dependence  of  PZZN  (93.5)  from  the  dielectric  data  taken  during  cooling  at  -4  °C/min  is 
used.  Figure  7  shows  the  dielectric  constant  and  loss  measured  at  frequencies  of  1  kHz, 
10  kHz  and  100  kHz.  This  shows  very  little  frequency  dispersion,  and  the  phase 
transitions  are  typically  affected  by  less  than  0.2  °C.  From  these  data,  it  has  been 
determined  the  PZNT  ceramics  with  y  <  8.0%  PZN  do  not  show  any  relaxor  behavior. 

The  thermal  hysteresis  found  in  these  compositions  can  be  as  much  as  120  °C  in 
the  lower  temperature  phase  transitions.  However,  at  the  Curie  point  the  hysteresis  is 
limited  to  ~2  “C.  Figure  8  shows  the  thermal  hysteresis  for  heating  and  cooling  rates  of 
±4  °C/min  in  PZZN  (93.5). 

Figure  9  shows  the  average  maximum  dielectric  constant  at  the  Curie  temperature 
(Tc)  from  heating  and  cooling  cycles  as  a  function  of  mol%  PZ.  Maximum  dielectric 
constant  decreases  as  the  concentration  of  PZN  is  decreased.  Also,  as  expected, 
increasing  the  concentration  of  PT  increases  the  maximum  dielectric  constant  at  Tj..  The 
variation  in  T^  with  mol%  PZ  can  be  seen  in  figure  10.  This,  for  example  shows  an 
increase  of  10  °C  between  PZNT  (93.5/2.6)  and  PZNT  (93.5/3.9)  which  is  an  increase  in 
PTofl.3mol%. 

Figures  9  and  10  also  show  the  influence  of  electric  bias.  The  average  dielectric 
constant  at  T^  for  PZNT  (93.5/2.6)  can  be  seen  to  decrease  with  bias.  The  bias  field  also 
causes  a  shift  in  Tj.  which  can  be  seen  in  figure  10.  This  shows  the  increase  in  T^  for 
various  compositions  in  the  PZNT  system  as  the  bias  field  is  increased.  The  effect  of 
bias  on  the  dielectric  constant  and  loss  in  PZZN  (93.2)  for  the  whole  temperature  range 
studied  is  shown  in  figure  11. 

(c)  Piezoelectric  Measurements 

The  electric  bias  dependence  of  real  part  of  d3i  after  poling  at  room  temperature 
is  shown  in  figure  12.  This  shows  that  the  piezoelectric  effect  is  linear  as  a  function  of 
bias.  The  room  temperature  antiferroelectric  to  ferroelectric  phase  boundary  can  be 
located  between  PZZN  (93.2)  and  PZZN  (93.0)  by  plotting  -d'31  versus  composition. 
Using  a  Berlincourt  meter,  the  value  of  d33  was  found  to  be  between  55  and  60  pC/N  in 
all  the  ferroelectric  samples.  The  temperature  dependence  of  k3i  and  kp  was  found  for  a 
morphotropic  phase  boundary  composition.  The  composition  used  was  PZZN  (93.0)  and 
the  measurements  were  conducted  using  an  incremental  cooling  run  with  no  applied  bias. 


The  results  for  the  PZZN  compositions  showed  little  if  any  dependence  on 
electric  bias.  The  real  part  of  -d3i  was  found  to  be  6-7  pC/N  and  the  imaginary  part  to  be 
0.35  to  0.45  pC/N.  The  coupling  coefficient,  k3|,  was  found  to  be  5-8%  at  room 
temperature.  From  the  compositions  studied,  PZNT(93.5/2.6)  was  found  to  have  the 
optimum  properties.  For  this  composition,  the  values  of  d'31,  k3i  and  kp  were  found  to 
be  16.0  pC/N,  4%  and  6%,  respectively.  Again,  these  values  were  nearly  bias 
independent. 

(d)  Pyroelectric  Measurements. 

PZZN  (92.5)  showed  the  largest  pyroelectric  coefficient  and  remanent 
polarization  of  the  compositions  studied.  Figure  14  shows  the  variation  in  these 
parameters  as  a  function  of  temperature.  At  room  temperature,  the  spontaneous 
polarization  was  found  to  be  28.9  [iC/cm^  and  agrees  with  the  data  from  hysteresis 
measurements.  The  F'^  to  Fj^  transitions  in  this  composition  was  found  at  -15  “C  and  the 
F„  to  Paraelectric  transition  is  located  at  215.09  °C. 

CONCLUSIONS 

Various  compositions  in  the  PZ-PZN-PT  ternary  system  have  been  studied  to 
determine  their  weak  field  piezoelectric  and  dielectric  response  at  room  temperature. 
Some  of  the  conclusions  that  have  been  made  are  as  follows: 

Hysteresis  results  indicate  that  the  location  of  the  AF-FE  boundary  is  between 
X  =  93.0%  and  x  =  93.2%  PZ.  Large  values  of  P^  (~30  ^C/cm^)  and  low  values  of  £5. 
(~10  kV/cm)  for  x  <  92.8%  PZ  have  been  obtained.  Also,  with  decreasing  PZ 
concentrations  hysteresis  loops  become  increasingly  square  in  nature. 

Room  temperature  dielectric  constants  near  250  have  been  measured  and  can  be 
altered  with  suitable  compositional  adjustments.  Large  hysteresis  in  heating  and  cooling 
cycles  has  been  displayed,  especially  in  the  low  to  high  temperature  rhombohedral  phase 
transition.  Curie  temperatures  near  225  "C  have  been  found  to  decrease  with  both 
increasing  bias  field  and  increasing  concentrations  of  PT. 

Piezoelectric  coefficient  d'31  at  25  °C  was  found  to  be  between  -5  pC/N  and 
-10  pC/N  and  linear  with  electrical  bias  fields  of  up  to  20  kV/cm.  The  real  elastic 


coefficient  s'n^  was  found  to  be  between  7  and  9  xlO'^®  m^/N  and  constant  for  electric 
bias  fields  of  up  to  20  kV/cm.  The  piezoelectric  coupling  coefficient  k3i  was  found  to  be 
between  2%  and  8%. 

The  PZNT  phase  diagram  has  been  refined  to  show  the  AF-FE  boundary  at  room 
temperature.  In  addition,  after  poling  at  elevated  temperatures,  the  ferroelectric  phase 
has  been  shown  to  be  stable  when  cooled  to  room  temperature.  Finally,  the  composition 
P2ZN  (92.5)  has  been  shown  to  have  strong  pyroelectric  properties. 
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Figure  1:  Ternary  phase  diagram  of  the  PZN-PZ-PT  system  showing  the  room 

temperature  antiferroelectric  -  Ferroelectric  morphotropic  phase  boundary. 
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Summary  of  remanent  polarization  data  as  a  function  of  composition 
measured  at  room  temperature.  Solid  line  indicates  the  data  for  PZZN. 
Dashed  line  indicates  the  data  for  PZT.  Subscripts  indicate  the 
concentration  of  PT  (i.e.  z=mol%  PT). 


Figure  3: 
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Figure  4:  Ferroelectric  hysteresis  loop  for  PZZN  (92.5)  measured  at  a  frequency  of 
0. 10  Hz  at  25  °C.  Ec=15.55  kV/cm  and  P^=21.2  ^CVcm^. 
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Figure  6:  Remanent  polarization,  Pp  and  coercive  field,  Ej.,  as  a  function  of 
temperature  for  PZZN  (93.5). 
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Figure  7: 


Frequency  dependence  of  the  dielectric  constant  and  dielectric  loss  during 
cooling  at  4  °C/min  for  PZZN  (92.5). 
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Figure  8: 


Dielectric  constant  and  dielectric  loss  for  PZZN  (93.5)  as  a  function  of 
temperature  (data  taken  at  ±4  ®C/min  with  no  applied  bias). 
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Figure  9:  Maximum  average  dielectric  constant  at  the  Curie  point  measured  at  a 
frequency  of  1  kHz,  Superscripts  indicate  the  applied  bias  in  kV/cm. 
(z  indicates  the  concentration  of  PT  in  mol%). 
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Figure  1 1 :  The  effect  of  electric  bias  on  the  dielectric^constant  and  dielectric  loss  for 
PZZN  (93.2)  (data  taken  on  heating  at  +4  “C/min). 


-d’31  (pC/N) 


mol%  PZ 


Figure  12:  Variation  in  d'31  as  a  function  of  composition  for  PZZN  ccranucs  measured 
at  room  temperature.  The  antiferroelectric  -  ferroelectric  phase  boundary  is 
located  between  x=93.0  and  93.2  mol%  PZ. 
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Figure  13:  Temperature  dependence  of  the  piezoelectric  coupling  coefficients  (k3i  and 
kp)  for  a  PZZN  (93.0)  ceramic  measured  with  no  applied  electrical  bias. 
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Figure  14:  Pyroelectric  coefficient  and  spontaneous  polarization  for  a  PZZN  (92.5) 

ceramic  measured  while  heating  at  +4  °C/min.  Sample  poled  during  cooling 
from  100  °C. 
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Table  1: 


Hysteresis  data  for  Various  PZZN  and  PZNT  compositions  measured  at 
room  temperature  and  at  a  frequency  of  0.10  Hz. 


Table  II:  Summary  of  the  complex  piezoelectric  and  elastic  coefficients  for  selected  PZNT  Compositions.  Measurements  were 

made  at  room  temperature  with  no  applied  bias  after  poling  at  25  “C. 
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Note  1:  Measurements  made  after  poling  at  100  °C. 
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ABSTRACT 

This  paper  will  present  an  initial  evaluation  of  the  lead 
zirconate  -  lead  zinc  niobate  solid  solution  for  use  in  non¬ 
volatile  ferroelectric  memory  devices.  Previous  work  has 
shown  that  the  (x)PbZi03  -  (l-x)  Pb(Zni/3Nb2/3)03  [PZZN] 
system  has  "square"  hysteresis  loops  accompanied  by  large 
remnent  polarizations.  In  particular,  compositions  near  the 
room  temperature  antiferroelectric  to  ferroelectric  phase 
boundary  will  be  investigated. 

INTRODUCTION 

Previous  work  within  the  PZ2W  system  has  shown  that  a 
pseudomorphotropic  phase  boundary  exists  at  x=93.0  mol%PZ. 
This  boundary  separates  the  rhombohedral  ferroelectric  phase 
from  the  antiferroelectric  orthorhombic  phase  at  room 
temperature.  Based  on  these  works  an  investigation  into  the 
hysteresis  behavior  of  PZZN  has  been  undertaken.  For  the 
initial  wort  hot  pressed  ceramic  samples  have  been  used.  It  is 
generally  known  that  bulk  and  thin  film  properties  can  vary; 
however,  this  work  is  an  indication  that  the  thin  film  form  of 
this  material  may  be  intresting  from  an  applications  point  of 
view. 

RESULTS 

Corrqrositions  with  less  than  93.0  mol%  PZ  are  found  to 
be  ferroelectric  with  bias  independant  piezoelectric  coefficients. 
As  an  example  of  the  ferroelectric  phase,  PZZN(92.5)  will  be 
used.  The  antiferroelectric  phase  will  be  represented  by  the 
composition  PZZN(93.5).  From  dielectric  data  one  can  find 
two  phase  transformations  in  PZZN(92.5),  one  near  -50^ 
(from  cooling  runs)  and  the  second  at  218°C.  These  anomalies 
correspond  to  the  low-  to  high-temperature  rhombohedral  phase 
change  and  the  the  high-temperature  rhombohedral  to  cubic 
phase  change,  respectively.  In  PZZN(93.5),  however,  the 
phase  transforma;  r  ns  are  from  orthorhombic  to  high- 
temperature  rhomb  i,edral  to  cubic.  At  room  ten^rerature  the 
dielectric  constant  is  between  150  to  450  with  losses  of  about 
4%  at  IkHz.  Other  work  has  also 


shown  that  the  dielecuic  constant  of  the  ferroelectric  phases  are 
decreased  with  increasing  bias  fields  and  arc  decreased  in  the 
antiferroelectric  phases.  The  typical  effect  of  bias  applied  to  a 
poled  ferroelectric  is  shown  in  figure  1. 


Applied  Electric  Field  (kV/cm) 


Figure  1.  The  effect  of  electrical  bias  on  the  dielectric  constant 
of  PZZN(92.5)  at  room  temperature. 


Hysteresis  behavior  can  be  found  in  the  next  few  figures. 
Typical  room  temperature  hysteresis  curves  can  be  found  in 
Figure  3.  PZZN(93.5)  displays  an  inuesting  behavior.  The 
antiferroelectric  phase  cannot  be  field-forced  with  field  up  to 
70  kV/cm;  however,  the  composition  is  easily  poled  near  the 
antiferroelectric-ferroelectric  phase  ttansfotmation.  Saturated 
values  of  d33  and  Pj  can  be  obtained  after  poling  at  10O>C  with 
8  kV/cm  for  1  to  2  minutes.  The  effect  of  temperature  on  this 
field-and-temperature  forced  ferroelectric  phase  can  be  found  in 
figure  4.  This  plot  indicates  the  antiferroelectric  phase 
becomes 
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Rgure  3.  Typical  hyster  loops  at  room  temperature  for  (a)  PZZN(92.5),  £^=15.25  kV/cm  and  P,=32.2  pC/cm^ 
and  ZZN(93.5)  (poled  at  100°C).  Ec=16.36  kV/cm  and  Pn=29.1  pC/cm2. 
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Polarization  as  a  function  of  temperature  (from  hysteresis  measurenients)  for  (a)  PZZN(92.5)  and  (b)  PZZN(93.5). 
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Boittl.  Pyroelectric  response  of  PZZN  ceramics  (data  taken  during  heating)  for  (a)  PZZN(92J))  and  (b)  PZZN(93.5). 
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stable  at  slightly  less  than  room  temperature  which  is 
approximately  50°C  higher  than  indicated  by  the  dielectric 
constant  data.  The  ferroelectric  composition,  P22N(92.5), 
displays  a  remnant  polarization  of  32.2  pC/cm^  which  is 
approximately  equal  to  that  for  P’Z21N(93.5).  However,  this 
composition  does  not  deix)le  below  room  temperature  and  is 
easily  poled  at  room  temperature  with  20  kV/cm  for  1  to  2 
minutes. 

Typical  pyroelectric  responses  of  these  materials  are 
shown  in  figure  5.  One  can  easily  see  the  ferroelectric  to 
ferroelectric  phase  change  at  -5“C  for  PZZN(92.5)  and  the 
resulting  change  in  the  polarization.  For  PZZN(93.5)  the 
situation  is  slightly  more  complicated.  Even  when  poled  at 
lOO^KT  the  sample  depoled  in  the  process  of  cooling  to  the  start 
temperature.  Even  with  this  loss  of  polarization,  the  plot  is 
useful  in  determining  the  location  of  the  antiferroelectric  to 
ferroelectric  phase  transition  which  is  at  83°C. 

CONCLUSIONS 

Using  ceramic  specimens,  some  important  information 
has  been  obtained  towards  the  use  of  PZZN  in  non-voladle 
memory  applications.  Most  noteable  are  the  ease  of  poling,  the 
large  remnant  polarizations,  and  the  existence  of  square 
hysteresis  loops.  Clearly  more  work  needs  to  be  done  with  this 
material,  especially  in  the  area  of  thin  films. 
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ABSTRACT 

The  dielectric  and  piezoelectric  properties  of  the 
solid  solution:  (x)-  Pb(Inv4Nbv4)03-(l-x)  Pb(Sc^Tav4)03 
[PIN/PST(x)]  have  been  investigated.  The  two 
compositions  that  have  been  studied  are  x=0.025  and 
0.975.  The  degree  of  long  range  ordering  in 
PIN/PST(92.5)  was  found  to  be  0.73  (i.e.,  73%  ordered.) 
Dielectric  maximum  was  found  to  be  at  lO^C  and  the 
pyroelectric  maximum  was  found  to  be  at  O’C.  The 
average  dielectric  constant  from  heating  and  cooling  cycles 
was  found  to  have  a  maximum  of  1470,  and  corresponds  to 
a  dielectric  loss  of  3%.  The  maximum  pyroelectric 
response  was  found  to  be  and  0.002  C/“K  m2.  At  room 
temperature  d33  and  d3i  were  found  to  be  0  pC/N  with 
poling  fields  of  up  to  45  kV/cm.  Upon  cooling  to  OO'C  a 
ferroelectric  hysteresis  loop  appears  with  Ec  =  9.86  kV/cm 
and  Pj  =  4.5  mC/cm2, 

INTRODUCTION 


ordered  ferroelectric  phase.  This  combination  of  first-order 
(anti)ferroelectric  behavior,  relaxor  behavior  and  the 
presents  of  variable  order-disorder  regions  may  prove  to  be 
interesting  on  both  a  theoretical  and  practical  levels. 

In  this  paper  we  will  focus  on  the  composition 
PIN/PST(0.025)  and  PIN/PST  (0.975).  The  dielectric  and 
piezoelectric  properties  of  this  as-fired  PIN/PST  ceramics 
will  be  described. 

RESULTS 

The  degree  of  ordering  in  the  as-fired  ceramics  has 
been  determined  by  superstructure  reflections  in  x-ray 
difiiraction  patterns.  The  long-range  order  parameter,  S, 
has  been  determined  by  referring  the  intensity  ratios  of  the 
superstructure/fundamental  reflection  pairs  (1 1 1  and  200  in 
this  case)  and  comparing  them  to  those  determined  for  an 
ordered  stmcture.  This  relation  is  given  as  follows: 


Earlier  studies  have  shown  that  both  Pb(Inv4Nbv4)03  5^  =  x 

[PIN]  and  Pb(Sc^^Tai4)03  [PST]  are  relaxor  ferroics  in  L  L  ^Battlatact 

which  the  degree  of  £-site  cation  ordering  can  be  thermally 
controlled.  Previous  studies  have  mainly  focused  on  solid 
solutions  involving  the  normal  ferroelectric  PbTi03  [FT]  Stenger  and  Burggraaf  have  determined  the  ratio 

with  either  PIN  or  PST.  Recently,  however,  the  system  [I111/I200]  under  perfect  order  (S=l)  to  be  1.33.  Before 

PIN-PST  [PIN/PST(x)]  has  begim  to  be  studied  due  to  the  any  electrical  measurements  were  made  the  degree  of 

unique  cwnbination  both  order-disorder  behavior  and  ordering  for  as-fired  PIN/PST(0.025)  was  determined  to  be 

antiferroelectric-ferroelectric  phase  transformations.  73%. 


PIN  has  been  found  to  have  the  rhombohedrally 
distorted  perovskite  structure  (that  is,  either  the  space 
group  R3m  or  R3).  Disordered  PIN  crystals  are  relaxor 
ferroelectrics  and  undergo  a  cell  doubling  phase 
transfonnation  into  an  ordered  antiferroelectric  phase.  PST 
has  also  been  shown  to  be  rhombohedral.  However, 
Disordered  PST  crystals  are  r?  jcor  ferroelectrics  and 
undergo  a  cell  doubling  phase  transformation  into  an 


The  temperature  dependence  of  the  dielectric 
constant  was  determined  in  the  temperature  range  -100°C 
to  KWC.  K  was  found  to  reach  a  maximum  at  lO'C  of 
1500  during  heating  of  4'’C/min  and  1440  during  cooling  at 
4®(^^Mn.  The  dielectric  loss  at  temperatures  less  than  10°C 
was  found  to  be  approximately  4%.  The  inverse  dielectric 
constant  follows  the  "Curie-Weiss  Squared"  law  for  both 
heating  and  cooling. 


Dielectric  Constant 


Tenperature  (®C)  Tenperature  (®C) 


Figure  1.  Dielectric  Constant  and  Loss  at  100  Hz,  1  kHz,  10  kHz,  and  100  kHz  for 
(a)  PIN/PST(0.025)  and  (b)  PIN/PST  (0.975). 


Fipiie  2.  Pyroelectric  coefficient  and  Polarization  behavior  of; 
(a)PIN/PST(0.025)  and  (b)  PIN/PST(0.975). 
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Figure  3.  Dielectric  hysteresis  loops  for  PIN/PST(0.025)  at:  (a)  2S°C  and 
(b)  -aO'C  (Pj=A.52  pC/cm2  and  £^=9.86  kV/cm). 


Using  the  Byer-Roundy  technique  the  pyroelectric 
coefficient,  P3,  was  deteimined  for  the  temperature  range 
of  -100°C  to  100“C.  The  polarization  was  then  calculated 
from  the  pyroelectric  coefficient.  Die  polarization 
behavior  showed  a  relatively  long  tail  between  lO'C  and 
150°C.  At  room  temperature  the  polarization  was  found  to 
be  7  pC/cm^.  The  polarization  continues  to  increase  with 
decreasing  temperature  to  a  saturated  maximum  value  of 
64  |iC/cm2  at  100°C.  The  pyroelectric  response  was  found 
to  reach  a  maximum  value  of  0.002  CrK-afi  at  0°C. 

Hysteresis  measurements  were  also  conducted  in  the 
temperature  range  -100°C  to  lOO^C  using  a  modified 
Sawyer-Tower  circuit.  Initially,  at  room  temperature,  the 
unpoled  ceramics  displayed  "antiferroelectric"  hysteresis 
loop.  After  cooling  to  -100°C  and  slowly  heating  to 
-30°C  the  samples  showed  typical  ferroelectric  behavior 
with  Pja4.52  pCycm2  and  Ec=9.86  kV/cm.  Further  heating 
to  room  temperature  causes  the  loop  to  shrink.  At  room 
temperature  the  remnant  polarization  had  decreased  to 
1.13  pC/cm^  and  the  coercive  field  had  decreased  to 
5.03  kV/cm.  Upon  further  heating  (to  45‘’C  for  example) 
the  hysteresis  loop  slims  dramatically  and  the  remnant 
polarization  slowly  disappears.  In  addition,  as  illustrated 
in  the  pyroelectric  measurement,  the  polarization  curve  has 
a  tail  extending  to  slightly  over  150°C. 


Following  these  experiments  d33  was  found  to  be 
0  pC/N  as  determined  by  a  Berlincourt  d33  meter.  Poling 
at  or  above  room  temperature  with  fields  up  to  45  kV/cm 
was  found  to  have  no  effect  on  d33.  In  addition,  no  d3i 
was  detected  even  with  applied  electrical  biases  of  up  to 
±23  kV/cm.  No  attempt  has  yet  been  made  to  pole  and/or 
measure  the  piezoelectric  coefficients  at  lower 
temperatures. 
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Figure  4.  Dielectric  hysteresis  loop  for  PIN/PST(0.975) 
at  room  temperature. 


Figure  5.  Pf  and  Eg  as  a  function  of  tcmperture  for  PIN/PST(0.025). 
Determined  from  dielectric  hysteresis  loops. 


CONCLUSIONS 

To  summarize  the  dielectric  properties  of 
PIN/PST(0.025)  have  been  determined.  The  degree  of 
long  range  ordering  in  these  samples  was  found  to  be  0.73 
(i.e.,  73%  ordered.)  Dielectric  maximum  was  found  to  be 
at  10°C  and  the  pyroelectric  maximum  was  found  to  be  at 
CC.  At  their  maximum  temperatures,  the  average 
dielectric  constant,  loss,  and  pyroelectric  coefficient  were 
determined  to  be  1470,  3%,  and  0.002  C/°K’m2, 
respectively.  Finally,  at  or  above  room  temperature 
and  d3}  was  found  to  be  0  pC/N  with  poling  fields  of  up  to 
45  kV/cm. 
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Complex  impedance  and  dielectric  constants  of  ferroelectric  crystals  Lio.4Ko.6Nb03  have  been 
studied  in  the  frequency  domain  at  several  temperatures.  A  strong  low-frequency  dielectric 
dispersion  below  1  kHz  was  revealed  in  the  high  temperature  range.  The  normalized  behaviour  of 
the  complex  dielectric  constants  satisfies  the  universal  dynamic  response  with  its  power  exponent 
n=0.04.  In  the  high  frequency  region,  the  complex  impedance  was  described  by  a  modified 
Cole--Cole  arc.  An  equivalent  circuit  for  the  transport  process  of  high  frequency  region  has  been 
examined.  The  temperature-dependent  exponent  has  its  minimum  at  the  ferro-  to  para-electric 
phase  transition  point  and  relaxation  frequencies  do  not  satisfy  the  Arrhenius  law  in  the 
ferroelectric  region 


1.  introduction 

Ferroelectric  crystal  Lio,4Ko.6Nb03  (LKN)  is  an  im¬ 
portant  non-linear  optical  material  [I].  LKN  has 
a  tungsten-bronze  structure  and  undergoes  a  diffuse 
phase  transition  at  around  420  °C  from  a  ferroelectric 
phase  (point  group  4  mm)  to  a  paraelectric  phase 
(4  mm)  on  heating  [2].  In  the  previous  report  on  temper¬ 
ature-dependent  dielectric  measurements  [3],  we  ob¬ 
served  a  strong  low  frequency  dispersion  from  room 
temperature  to  800  °C,  however,  the  electrical  con¬ 
ductivity  results  did  not  satisfy  the  Arrehenius  law. 
This  implies  that  the  conduction  process  of  LKN  is 
not  fully  based  on  ionic  hopping.  In  the  present  work, 
the  dielectric  dispersion  of  LKN  is  studied  in  the 
frequency  domain  at  several  temperatures  encompass¬ 
ing  the  ferroelectric  phase  transition.  In  addition,  an 
a.c.  impedance  study  is  carried  out  and  the  equivalent 
circuit  is  proposed. 

2.  Experimental  procedure 

Dielectric  constants  were  measured  using  the  set-up  as 
described  previously  [3].  Sample  dimensions  used  for 
the  capacitance  measurements  were  1.44  mm  in  thick¬ 
ness  and  23.48  mm^  in  area.  Fired-on  platinum  elec¬ 
trodes  were  aplied  on  the  plate  surfaces  perpendicular 
to  the  polar  c-axis.  Complex  dielectric  constants  were 
measured  in  the  frequency  range  from  5  Hz  to 
13  MHz  using  an  HP4192A  Impedance  Analyzer. 
The  electrical  furnace  used  in  the  temperature- 
dependent  measurements  was  controlled  within  the 
accuracy  of  +  0.5  °C  at  the  measuring  temperatures. 
Measured  temperature  range  was  from  room  temper¬ 
ature  to  I000°C  with  temperature  step  of  a  50  "C.  In 
order  to  avoid  the  effects  of  parasitic  factors,  which 
include  stray  capacitance  and  residual  inductance  of 


lead  wire,  a  standard  calibration  procedure  was  fol¬ 
lowed.  Reference  calibration  frequencies  were  I  MHz 
between  500  Hz  and  I  MHz,  10  MHz  between  1  MHz 
and  13  MHz  and  at  calibration  frequencis  below 
500  Hz,  each  frequency  measured  was  calibrated. 

3.  Results  and  discussions 

Fig.  I  shows  the  complex  dielectric  constants  as 
a  function  of  frequencies  at  various  temperatures.  Low 
temperature  data  have  a  little  dispersive  behaviour. 
Fig.  la  and  b  show  the  real  dielectric  constants  and 
imaginary  dielectric  constants,  respectively.  Below 
I  kHz,  strong  dispersions  characteristics  were  noticed, 
whereas  between  1  kHz  and  100  kHz,  linear  fre¬ 
quency-dependent  regions  were  observed;  above 
400  kHz  saturated  dielectric  constants  around  the 
value  of  2000  were  observed.  On  the  other  hand, 
imaginary  dielectric  constants  showed  a  similar  tend¬ 
ency  up  to  400  kHz,  but  they  do  not  have  a  saturated 
value  above  400  kHz.  Imaginary  dielectric  constants 
were  calculated  from  real  dielectric  constants  and  dis¬ 
sipation  factors  using  the  relation  of  e"  =  z'D.  In  the 
calculation  of  complex  dielectric  constants  and 
impedances,  there  were  no  limiting  values  of  the 
instruments. 

Data  obtained  at  different  temperatures  were  nor¬ 
malized  on  the  same  scale  [4,  5]  to  confirm  the  dy¬ 
namical  versatility  of  dielectric  response  of  the  sample. 
It  is  found  that  the  L  .luency  dependence  does  not 
change  drastically  wit  “mperature,  at  least  over  the 
temperature  ranges  ft  which  the  material  does  not 
change  its  structure  in  any  significant  manner.  The 
normalized  data  often  provides  a  ‘master  curve’  which 
gives  a  complete  description  of  the  dielectric  behavi¬ 
our  when  accompanied  by  the  locus  of  the  translation 
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Figure  I  (a)  Real  dielectric  constant  as  a  function  of  frequency  at 
several  temperatures  (in  the  heating  cycle);  (b)  imaginary  dielectric 
constant  as  a  function  of  frequency  at  several  temperatures  (in  the 
heating  cycle)  (A  750  °C:  □  801  ”C;  ♦  850'C:  O  901  X;  A  951  °C; 
O  998  °C). 


points  [6].  The  complex  dielectric  constants  data  is 
plotted  on  a  log-log  plot  in  order  to  investigate  the 
nature  of  the  frequency  response,  co,  of  the  dielectric 
properties.  The  expression  used  for  the  evaluation 
is  [5] 

X'fw)  =  cot  OC  (»"■*  (1) 

Fig.  2a  and  b  show  the  normalized  complex  dielec¬ 
tric  constants  at  several  temperatures  between  750  °C 
and  998  °C.  Below  100  kHz,  the  universal  Equation  1 
is  well  satisfied  and  showed  a  clear  tendency  to  a  ‘flat’ 
frequency  response  of  the  real  dielectric  constants  up 
to  400  kHz.  Insets  show  the  locus  of  the  normalization 
for  these  temperatures.  A  flat  locus  indicates  the 
unique  relaxation  mechanism  and  in  this  case,  its 
impedance  spectrum  should  have  the  same  magnitude 
slope  on  either  side  of  the  peak  frequency. 

Fig.  3  shows  the  dynamic  universal  condition  for 
Equation  1  with  exponent  n  =  0.04.  It  implies  that 
strong  low  frequency  dispersion  of  LKN  is  caused  by 
intrinsic  point  defects  [7]. 
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Figure  2  (a)  Normalized  real  dielectric  constant  as  a  function  of 
frequency  at  several  temperatures  (in  the  heating  cycle);  (b)  nor¬ 
malized  imaginary  dielectric  constant  as  a  function  of  frequency  at 
several  temperatures  (in  heating  cycle),  inset  shows  the  locus  of 
normalization  at  each  temperature  ( A  750  C;  □  801  "C;  ♦  850  "C; 
O  90rC;  A  95 IX;  O  998  X). 


In  order  to  investigate  the  equivalent  circuit  of 
LKN  and  its  transport  process,  we  studied  the  imped¬ 
ance  spectra  in  the  frequency  domain.  Impedance 
spectroscopy  has  been  widely  used  for  analysing  the 
electrical  relaxation  in  ionic  conductors  [8,  9]  and 
conducting  glasses  [10,  11].  Among  ferroelectric  ma¬ 
terials  many  a.c.  complex  impedance  investigations 
have  been  carried  out  on  semiconducting  BaTiOy 
[12,  13]  and  ion  conducting  LiTaOs  [14,  15]. 

Fig.  4  shows,  for  several  temperatures  including  the 
ferroelectric  phase  transition  temperature,  the  vari¬ 
ation  of  the  imaginary  part  of  the  impedance  with 
frequency  on  a  double  logarithmic  scale.  The  slopes  of 
the  curve  below  and  above  the  peaks  are  the  same  in 
magnitude.  This  means  that  LKN  has  a  unique  rela¬ 
xation  mechanism,  which  is  also  supported  by  the  flat 
nature  of  the  locus  of  the  normalized  dielectric  con¬ 
stants  as  shown  in  Fig.  2.  Below  350  °C,  the  imaginary 
impedance  does  not  have  a  peak  value  but  it  does 
show  a  down  trend  towards  the  low  frequency  limit. 
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Figure  3  Plots  of  the  universal  dynamic  response  considering  the 
exponent  n  =  0.04. 


Angular  frequency  (Hz) 


Figure  4  Imaginary  part  of  the  impedance  versus  frequency  at 
various  temperatures  for  the  LKN  crystal. 


This  suggests  that  LKN  samples  act  as  an  equivalent 
circuit  comprising  a  parallel  combination  of  capa¬ 
citance  and  resistance  to  the  external  fields.  Thus  in 
this  case,  impedance  spectroscopy  has  much  more 
importance  than  the  dielectric  study. 

The  impedance  study  can  be  ideally  described  by 
the  Debye  expression  which  may  be  established  con¬ 
sidering  the  material  in  a  parallel  circuit  as  a  pure 
resistor  (Ko)  with  an  ideal  capacitor  (Co)  for  the  case  of 
a  unique  relaxation  mechanism: 

Z*  =  -j - ^ - ^  (2) 

—  +  icoCo  1  -I-  — 

Ro  COo 

where  coq  =  X/RqCo  is  the  characteristic  angular  fre¬ 
quency  of  the  equivalent  circuit  and  to  =  27t/  is  the 
angular  frequency  of  the  applied  field.  This  expression 
is  valid  only  when  the  origin  of  this  impedance  semi¬ 
circle  is  located  on  the  real  axis  and  has  a  single 
relaxation  mechanism.  But,  in  real  dielectric  materials, 
generally  a  non-ideal  situation  is  observed.  The 
impedance  can  be  empirically  expressed  by  introduc¬ 


ing  a  temperature-dependent  factor  n  into  the  Debye 
expression.  Equation  2.  This  modification  leads  to  the 
modified  impedance  Cole-Cole  relation  [16]: 


Z* 


1  -b 


(3) 


This  expression  gives  a  circular  impedance  arc  with  its 
centre  located  below  the  real  axis.  In  addition,  it  is 
valid  when  the  slope  of  high  frequencies  is  -  (1  —  n) 
and  the  slope  of  low  frequencies  is  (i  —  n)  [5]. 

The  variation  of  the  logarithmic  peak  frequency 
(relaxation  frequency  /,)  as  a  function  of  reciprocal 
temperature  (from  Fig.  4)  is  shown  in  Fig.  5.  Minimum 
relaxation  frequency  is  observed  at  the  transition 
point  (Tc  =  693  K).  This  result  does  not  satisfy  the 
Arrhenius  law  in  the  ferroelectric  phase  but  it  does  in 
the  paraelectric  phase  region. 


1  / 

;  -  -frj 


where  (o  is  frequency  and  iV  is  the  activation  energy. 

Fig.  6  shows  the  impedance  Cole-Cole  plot  for 
several  selected  temperatures  in  the  paraelectric  re¬ 
gion.  Circular  behaviour  of  the  plots  was  observed  but 
the  origin  of  these  curves  was  located  below  the  real 
axis.  A  tail  in  the  low  frequency  region  is  illustrated  by 
an  equivalent  circuit  having  a  small  capacitor  connec¬ 
ted  in  series  with  the  parallel  capacitor  and  resistor. 
The  circular  arc  indicates  that  the  slopes  on  the  high 


Figure  5  Arrhenius  plot  of  the  relaxation  frequency  for  the  LKN 
crystal. 


Figure  6  Impedance  Cole-Cole  plot  for  several  selected  temper¬ 
atures  (•  900  C;  □  950  C,  V  998  C). 
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frequency  and  low  frequency  sides  are  equal.  This  is 
also  shown  in  Fig.  4.  Thus  we  can  consider  the  parallel 
equivalent  circuit  (capacitor  in  parallel  with  a  resistor) 
satisfying  the  relation  Equation  3.  It  is  a  very  tedious 
procedure  to  fit  Equation  3  to  the  experimental  data. 
Instead,  it  is  simpler  to  fit  the  data  when  it  forms 
a  circular  arc,  i.e. 

(Z'  -  a(7’))''  +  (Z"  -  P(r))^  =  R{Tf  (5) 

where  coordinate  (a,  P)  indicate  the  origin  of  a  circle 
in  the  complex  impedance  plane  and  R  denotes  its 
radius.  An  ideal  Cole-Cole  arc  is  constructed  in  the 
case  p  =  0  and  a  =  R:  i.e.  the  case  in  Equation  2.  If 
there  is  a  temperature-dependent  factor  then  it  be¬ 
longs  to  the  case  P  #  0,  namely  with  its  origin  below 
the  real  axis,  i.e.  the  case  in  Equation  3.  In  this  equa¬ 
tion,  P  corresponds  to  n  in  Equation  3. 

Thus  we  have  fitted  our  experimental  data  using 
Equation  4.  R{T)  is  equivalent  to  the  diameter  of 
Cole-arc  and  is  the  reciprocal  of  a  d.c.  conductance  in 
a  parallel  equivalent  circuit.  Our  sample  has  a  P-value 
from  —  7.5  X  I  O'*  to  —  3. 1 4  over  the  temperature 
range  322  °C  to  998  °C.  afT)  decreases  in  proportion 
to  the  value  of  R  as  temperature  increases.  Rapid 
decrease  of  these  values  is  observed  at  the  transition 
temperature.  Although,  the  mathematical  relation  is 
a  little  complex,  we  can  imply  that  P(r)  has  a  physical 
meaning  related  to  the  exponent  in  Equation  3.  Fig. 
7  shows  the  curve  fitting  results  using  Equation  4. 
According  to  the  lattice  dynamic  theory  [17],  one  of 
the  transverse  optical  modes  (soft  mode)  is  softened 
and  the  restoring  force  tends  to  zero  at  the  paraelec- 
tric-ferroelectric  phase  transition.  This  implies  that  at 
Tc,  it  requires  a  higher  energy  loss  and  smaller  energy 
storage.  Thus  p  tend  to  be  a  minimum  at  the  transition 
point. 

4.  Conclusion 

The  impedance  behaviour  of  the  ferroelectric 
Li, -^jK^NbOsix  =  0.6)  crystal  is  investigated  be- 


Temperature(”C) 


Figure  7  Curve  fitting  results  using  Equation  4. 


tween  room  temperature  and  998  C  in  the  frequency 
range  5  Hz-13  MHz.  It  satisfies  the  modified  imped¬ 
ance  Cole-Cole  relation  in  the  high  frequency  region. 
Normalized  dielectric  constants  below  1  kHz  obey  the 
universal  dynamic  law  with  exponent  n  =  0.04  pro¬ 
posed  by  Joncher.  In  curve  fitting  procedures  using 
the  parallel  equivalent  circuit  in  the  high  frequency 
region,  the  exponent  has  a  minimum  at  the  transition 
point,  thus  suggesting  that  at  the  transition  points  the 
restoring  force  of  the  system  is  minimized. 

Impedance  Cole-Cole  plots  indicate  that  LKN  has 
a  hopping  process  and  thus  suggest  a  high  density  of 
point  defects,  as  it  constructs  complete  complex 
impedance  circular  arc.  Although  it  is  reported  that 
LKN  has  a  completely  filled  tungsten-bronze  struc¬ 
ture  [2],  the  present  results  suggest  that  LKN  has 
unfilled  sites. 
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Dielectric  Anomalies  in  Li^  4K0  ^NbOj  Crystals 

By 

Byung-Moon  Jin  (a),  A.  S.  Bhalla  (a),  Byung-Chun  Choi  (b), 
and  Jung-Nam  Kim  (b) 

Lio,4Ko,6Nb03  (LKN)  belongs  to  the  completely  filled  tungsten  bronze-type  fcrroelcctrics  and 
undergoes  a  diffuse  phase  transition  at  around  420  °C.  LKN  has  two  thermal  hysterescs  in  the  heating 
and  cooling  cycles,  above  and  below  the  transition  point.  Hysteresis  above  Tj-  is  wider  than  the  one 
below  T(-  and  the  width  of  the  hysteresis  decreases  as  frequency  increases.  The  Curie  range  of 
Lio.4Ko,6Nb03  is  wider  than  that  of  Pb(Mg|,3Nb2;3)03  (PM  N)  and  (Sr.BalNbjOt  (SBN)  and  it  implies 
that  Lio.4Ko.6Nb03  needs  a  wider  temperature  range  to  reach  an  equilibrium  phase  than  PM  N  and  SBN. 
In  pyroelectric  measurements  using  the  current  method,  P,  =  20pC/cm^  in  the  ferroelectric  phase, 
and  the  temperature  of  the  pyroelectric  current  maximum  is  by  108  K  higher  than  that  of  the 
dielectric  constant  maxima.  Dielectric  constants  do  not  obey  Devonshire’s  law  (Curie-Weiss  law) 
1/c  or  (7^  —  T)  and  in  pyro-measurements,  the  mean  field  exponent  (ii  =  0.4)  is  less  than  1/2.  These 
imply  that  Lio.4Ko,6Nb03  does  not  satisfy  the  single  order  parameter  mechanism. 


1.  Introduction 

Filled  tungsten  bronze-type  ferroelectrics  have  gained  much  attention  for  electro-optic  and 
non-linear  optical  applications.  The  crystals  have  a  high  stability  to  intense  laser  radiation, 
and  have  excellent  linear  and  non-linear  optical  coefficients  [1],  The  useful  non-linear 
coefficient  ^33  of  Lio,4Ko.6Nb03  (LKN)  is  comparable  to  that  of  LiNb03  [2].  The  tetragonal 
tungsten  bronze  structure  has  been  discussed  by  Magnelli  and  Blomberg  [3],  Wadsley  [4], 
and  by  Jamieson  et  al.  [5].  LKN  is  the  first  typical  tungsten  bronze-type  ferroelectric  which  is 
reported  as  having  a  “completely  filled”  tetragonal  tungsten  bronze-like  structure.  The 
relatively  low  crystal  growth  temperature  of  this  material  (*  1000  °C)  and  a  tetragonal 
structure  at  room  temperature  make  it  particularly  attractive  for  optical  device  applications. 
However,  the  lithium  potassium  niobate  crystal  may  also  display  considerable  property 
variations  as  a  result  of  compositional  fluctuations  caused  by  unstable  growth  conditions 
[6  to  8].  Scott  et  al.  [8]  reported  non-ferroelectric  LKN  which  has  orthorhombic  structure 
at  room  temperature.  They  reported  the  non-ferroelectric  phase,  c  4=  a,  and  the 
ferroelectric  phase,  |/l0  c  =  a,  as  concluded  from  their  X-ray  powder  diffraction  study.  The 
dielectric  measurements  showed  the  7^;  broadening  with  compositional  inhomogeneitics 
(effects  of  excess  niobium).  Several  members  in  the  tungsten  bronze  family  also  undergo 
the  diffuse  phase  transition  related  to  the  nanoscale  compositional  fluctuations  (relaxor 
behavior). 
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Although  non-linear  optical  properties  of  LKN  have  been  studied  by  many  investigators, 
its  dielectric  properties  are  not  fully  discussed  in  the  frequency  dependent  measurements, 
especially.  In  this  paper,  we  discussed  the  temperature  dependenee  of  the  dieleetric  constants 
at  several  frequencies  and  the  spontaneous  polarization  of  an  LKN  crystal  of  well  established 
composition. 

2.  Experiments 

LKN  mixed  crystals  were  grown  by  the  Czochralski  method.  The  growth  procedure  was 
fully  automatized  with  computer  software  [9].  The  starting  composition  was  prepared  from 
the  stoichiometric  ratio  of  Li^COj,  NbjO,,  and  KjCOj  of  99.99%  purity.  In  the  crystal 
growth  procedure,  there  were  some  difficulties  in  using  t-axis  oriented  seed.  We  could  not 
get  large  single  crystals  due  to  the  crystal  cracking  problem  on  cooling.  Single  crystals  of 
excellent  optical  quality  were  grown  on  />-axis  oriented  seed.  The  crystals  were  pale  yellow 
in  color.  Crystal  pulling  and  rotation  rates  used  in  the  typical  growth  runs  were  0.2  to 
0.4  mm/h  and  20  to  30  r.p.m.,  respectively. 

In  mixed  crystal  systems,  the  real  composition  of  the  grown  crystal  is  usually  different 
from  the  starting  composition  of  the  melt.  Therefore,  it  is  necessary  to  investigate  the  real 
composition.  We  investigated  the  real  composition  of  our  samples  using  SEM-EDX 
(scanning  electron  microscopy  with  energy  dispersive  X-rays:  EDAX  9100,  Phillips  Co.). 
Probe  cross  section  area  was  fixed  to  about  30.0  nm. 

Dielectric  properties  were  measured  by  the  method  described  previously  [9].  Sample 
dimensions  used  in  the  dielectric  constant  measurements  were  typically  27.5  mm^  in  area 
and  0.37  mm  in  thickness  and  in  the  pyroelectric  measurements  16.8  mm^  in  area  and 
0.9  mm  in  thickness,  respectively.  For  the  measurements,  the  sample  was  placed  in  the 
computer  controlled  furnace  with  a  temperature  accuracy  of  ±  0.2  K  and  heated  with  a 
constant  heating  rate  of  1  K/min. 

Dielectric  constant  versus  temperature  measurements  were  done  using  an  LF  impedance 
analyzer  (Hewlett-Packard,  4192A)  in  the  temperature  range  from  room  temperature  to 
800  °C  at  several  frequencies.  In  pyroelectric  current  measurements,  constant  heating  rate 
1  K/min  was  maintained  throughout  the  experiment  by  using  the  programmable  temperature 
controller.  All  measurements  were  automated  with  the  help  of  computer  software  [9]. 

3.  Results  and  Discussions 

We  investigated  the  real  composition  of  the  crystal  used  in  this  study,  using  SEM-EDX. 
To  get  accurate  results,  the  composition  was  determined  at  six  points  on  the  same  sample 
and  an  average  value  was  calculated.  In  this  paper,  the  sample  used  for  study  had  the  real 
composition  of  x  =  0.60  (potassium  content).  We  used  the  same  sample  through  all  the 
experiments  to  provide  consistency. 

Fig.  1  shows  the  dielectric  constant  633  versus  temperature  of  LKN  for  several  frequencies 
during  the  heating  cycle.  Dielectric  constant  maxima  are  observed  around  693K  except  for 
the  1  kHz  data.  All  these  anomalies  have  a  wide  temperature  range,  but  the  position  of  the 
maxima  is  not  shifted  in  the  measured  frequency  range. 

Fig.  2  shows  the  dielectric  loss  versus  temperature.  All  loss  factor  plots  have  a  peak 
temperature  lower  than  that  of  the  dielectric  constant  maxima.  The  abrupt  increase  in  the 
loss  apparently  is  due  to  the  increase  in  conductivity  on  the  high  temperature  side.  Loss 
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Fig.  I,  Dielectric  constant  vs.  temperature 
for  LKN  single  crystal 


peaks  do  not  coincide  with  the  temperature  of  the  dielectric  constant  maxima,  but  coincide 
with  the  maximum  slope  of  the  dielectric  constant  versus  temperature  plot.  These  facts  in 
general  are  characteristic  of  diffuse  phase  transition  (DPT)  materials  [10,  11].  Scott  et  al. 
[8]  by  using  optical  and  X-ray  measurements  reported  that  the  ferroelectric  phase  of  LKN 
has  tetragonal  symmetry  with  axial  ratio  |^c  =  a.  Also,  they  reported  that  the 
non-ferroelectric  phase  has  an  orthorhombic  structure  and  l/To  c/a  =  0.997.  The  results 
on  our  sample  suggested  the  tetragonal  symmetry  and  showed  a  uniaxial  optical  conoscopic 
figure.  X-ray  powder  diffraction  analysis  on  LKN  gave  the  value  j/Io  c/a  =  1  [12]. 
Hysteresis  loops  could  not  be  observed  in  LKN  due  to  the  fact  that  it  has  an  extremely 
high  coercive  field  strength,  «  900kV/cm  [13]  (comparing  to  70kV/cm  in  the  case  of 
LiNbOs).  Thus,  we  concluded  that  the  ferroelectric  phase  exists  at  room  temperature  and 
the  dielectric  constant  maxima  represent  the  diffuse  phase  transition  [14]. 


'  -  ■  - ,  I 
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Fig.  2.  Dielectric  loss  vs.  temperature  for 
LKN  single  crystal 


16  physica  (a)  140/1 


242 


Byung-Moon  JiN,  A.  S.  BiiALLA.  Byung-Ciiun  Choi,  and  Jung-Nam  Kim 


Two  characteristic  featyres  are  seen  in  Fig.  1.  There  is  no  frequency  dependent  dispeision 
below  the  transition  temperature  range,  and  above  the  transition  point  there  is  a  huge 
dispersion  in  dielectric  constant  with  frequency.  This  feature  is  in  contrast  with  the 
usual  diffuse  phase  transition  materials.  In  the  case  of  Sr,Bai  .^.NbjO,,  (SBN)  [15]  and 
PbjMgNbjOq  (PMN)  [16]  and  materials  of  the  relaxor  family,  large  dispersion  occuis 
below  the  dieleetric  constant  maxima  and  the  transition  temperature  shifts  to  the  highei 
temperature  side  and  the  dielectric  constant  maxima  value  decreases  as  frequency  increases. 
On  the  other  hand,  in  the  case  of  LKN,  larger  dispersions  were  observed  above  the  transition 
point  and  the  transition  maxima  decreased  and  the  range  of  dielectric  constant  maxima 
decreased  as  the  frequency  increased.  LKN  has  a  large  Curie  range  [17]  at  5  kHz  and  runs 
over  205  K  at  around  dielectric  maxima. 

Around  the  dielectric  constant  maxima,  there  is  a  large  thermal  hysteresis  between  heating 
and  cooling  cycles.  Fig.  3a  shows  this  thermal  hysteresis  of  dielectric  constant  versus 
temperature  at  1  kHz.  In  this  figure,  two  hysteresis  regions  were  observed  around  the 
transition  temperature;  a  larger  hysteresis  above  the  transition  temperature  and  a  smallei 
hysteresis  below  the  transition  point  due  to  the  external  field  induced  transition  and  no 
thermal  hysteresis  has  been  observed  above  the  transition  point  [18].  While  the  area  ol 
lower  hysteresis  remains  constant,  as  frequency  is  increased,  the  width  of  the  upper  hysteresis 
is  suppressed.  These  properties  are  closely  related  with  the  low  frequency  dielectric  dispersion 
already  mentioned. 

A  relatively  large  anomaly  was  found  in  the  1  kHz  data  and  the  temperature  of  its 
dielectric  constant  maxima  is  quite  different  from  the  data  at  higher  frequencies.  It  implies 
that  LKN  has  large  dielectric  relaxation  in  the  lower  frequency  regions.  ... 

Dielectric  properties  of  ferroelectric  materials  are  described  by  the  ionic  conductivity  at 
radio  frequency,  associated  with  the  eleetric  field  induced  ion  transport  [19].  In  LKN.  Utc 
transition  mechanism  can  also  be  explained  by  the  transition  entropy  and  ionic  conductivity. 
The  ac  conductivities  at  several  frequencies  derived  from  a  =  >^^£"(0  are  shown  m  Fig.  4.  A 
broad  and  anomalous  change  of  conductivity  <733  related  to  the  phase  transition  is  observed 
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Fig.  4.  Arrhenius  plot  of  ac  conductivilics 
ofLKN 


near  Tq.  Two  distinct  slopes  are  shown  in  the  figure.  Below  418  K,  extremely  low  activation 
energy  and  deviation  from  an  Arrhenius  plot  are  mainly  due  to  the  low  frequency  dielectric 
relaxation  and  clustering  or  precipitation  [20]  which  is  not  yet  clear.  Above  418  K.  the 
Arrhenius  relation  is  satisfied  over  the  whole  temperature  range  and  its  activation  energy 
as  determined  from  the  slope  of  the  Arrhenius  plot  is  0.3  eV  in  average. 

A  relatively  large  anomaly  in  the  activation  energy  plots  is  found  in  100  kHz  data.  It 
implies  that  the  stronger  the  increase  in  the  frequency,  the  larger  is  the  required  activation 
energy.  Although  there  is  a  little  splitting  at  each  frequency  on  the  high  temperature  side, 
the  low  temperature  side  has  large  splitting  as  the  frequency  decreased.  If  we  assume  that 
the  high  temperature  conductivity  disturbs  the  ionic  conductivity  splitting  (Fig.  2),  we  can 
imply  that  LKN  has  hopping  conductivity.  If  so  either  LKN  should  have  unfilled  tungsten 
bronze  sites  or  have  high  density  of  point  defects.  We  can  imply  that  LKN  has  a  high 
point  defect  density  which  is  reflected  in  the  low  frequency  region  of  the  dielectric  response 
of  LKN  [21]. 

We  then  suppose  that,  although  LKN  has  a  completely  filled  tungsten  bronze  structure, 
compositional  inhomogeneity  and  excess  niobium  play  a  role  in  the  hopping  process  and 
are  the  main  reason  causing  the  dielectric  dispersion. 

Fig.  5  shows  the  spontaneous  polarization  of  LKN  as  calculated  from  the  pyroelectric 
data.  Below  400  °C,  the  pyrocurrent  does  not  show  a  remarkable  anomaly,  it  increases 
gradually  and  reaches  its  maximum  at  528  °C.  The  half  width  of  the  pyrocurrent  peak  is 
a  40  K. 

Abrahams  et  al.  [13]  reported  that  the  pyroelectric  current  has  a  maximum  which  differs 
from  the  peak  in  dielectric  constant  by  as  much  as  100  K.  On  the  other  hand.  Nagai  and 
Ikeda  [22]  reported  the  peak  temperature  in  pyroelectric  and  dielectric  measurements  both 
almost  at  the  same  temperature.  Spontaneous  polarization  calculated  from  the  data  in  the 
ferroelectric  phase  is  20  pC/cm^  and  it  compares  well  with  the  value  of  22  pC/cm^  reported 
by  Nagai  and  Ikeda.  LKN  showed  a  second-order-like  phase  transition  in  dielectric  constant 
measurements.  The  Curie  constant  calculated  from  the  inverse  dielectric  constant  data  is 
in  !!ie  order  of  10’  indicating  the  typical  displacive  phase  transition  [10].  But  the  slopes  of 
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Fig.  5.  Spontaneous  polarization  ol  LKN 
as  calculated  from  the  pyroelectric  data 


0  100  200  300  400  500  600 
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the  inverse  dielectric  constant  above  and  below  Tq  do  not  satisfy  the  Devonshiic 
thermodynamic  relation  l/c  oc  (Tc  -  7)  except  for  the  very  narrow  region  around  the  phase 
transition  point  and  in  the  pyroelectric  measurements,  it  also  has  not  the  exponent  of  the  mean 
field  theory  of  1/2.  We  have  fitted  the  pyroelectric  results  in  the  equation  F,  cx;  (7c  -  7)" 
and  from  this  fitting  get  the  value  n  =  0.4. 

4.  Conclusion 

Based  on  the  dielectric  measurements,  it  is  concluded  that  LKN  undergoes  a  diffuse  phase 
transition  and  dielectric  constant  maximum  occurs  at  420  °C  for  5  kHz.  LKN  has  low 
frequency  dielectric  dispersion  which  could  be  explained  by  assuming  a  high  density  of 
point  defects.  LKN  has  two  thermal  hystereses  between  the  cooling  and  heating  cycles: 
one  above  the  transition  temperature  which  was  suppressed  rapidly  as  the  frequency 
increased  and  can  be  explained  qualitatively  by  the  fact  that  LKN  has  frequency  dependent 
compositional  fluctuations  resulting  in  the  low  frequency  relaxation. 

The  spontaneous  polarization  in  the  ferroelectric  phase  is  20  pC/cm^  and  is  comparable 
to  the  result  of  Nagai  and  Ikeda.  The  pyroelectric  current  maximum  differs  by  108  K  from 
that  of  the  dielectric  constant  result.  Pyroelectric  results  do  not  satisfy  the  mean  field  theory 
value. 

These  results  indicate  that  though  LKN  has  a  completely  filled  tungsten  bronze  structure, 
compositional  inhomogeneity  and  excess  niobium  trigger  the  hopping  process  which  could 
be  the  main  reason  for  the  dielectric  dispersion. 

Dielectric  constants  do  not  follow  the  Curie-Weiss  behavior  1/e  x  (7c  —  7)  and  in  the 
pyromeasurements,  mean  field  exponent  (n  =  0.4)  is  smaller  than  the  expected  value 

0.5. 
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Optical  Study  of  Domains  in  Ba(Ti,Sn)03  Ceramics 
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Domain  structures  of  Ba(Ti|.,Sn,)0,  (x  =  0,  0.05.  0.1.  0.13) 
ceramics  were  observed  dynamically  under  an  electric 
field  at  various  temperatures  using  a  high-resolution 
charge-coupied-device  (CCD)  microscope  system.  The 
Ba(Ti|.,Sn,)Oj  ceramics  showed  a  significant  difference  in 
domain  structure  and  motion  with  changing  composition: 
the  domain  structure  became  tiny  and  complex  with 
increasing  x,  and  the  domain  reorientation  was  easily 
induced  with  increasing  and  decreasing  electric  field.  The 
results  of  the  domain  observations  coincided  well  yvith  elec¬ 
trical  measurement  data. 

I.  Introduction 

Observation  of  domain  structures  and  domain  motion  is 
very  useful  for  understanding  the  physical  properties  of 
ferroelectric  materials  because  domains  are  fundamentally 
associated  with  ferroelectricity.  For  the  past  few  years  we 
have  been  reporting  on  the  dynamic  domain  motion  in  single 
crystals  such  as  barium  titanate  and  lead  zinc  niobate  based 
compositions. 

This  paper  concerns  the  domains  in  BafTi.SnIO,  ceramics. 
BafTi.SnfOj  solid  solutions  are  known  as  typical  relaxor  ferro¬ 
electric  materiais.  and  they  exhibit  electrical  and  electrome¬ 
chanical  characteristics  associated  with  relaxor  ferroelectrics 
such  as  very  small  hysteresis  in  the  field-induced  polarization 
and  strain.^-'*  These  materials  may  provide  a  new  category  of 
useful  actuator  ceramics.  Our  investigation  is  focused'on  the 
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domain  motion  in  these  materials  as  a  means  of  analyzing  the 
electrical  characteristics. 

II.  Experimental  Procedure 

Samples  of  BaTiO,  (BT).  Ba(Ti„,5Sn„„,)0,  (BTS-5).  Ba(Ti„,- 
StioifO,  (BTS-10).  and  Ba(Ti,i,7Sni,|,)0.  (BTS-13)  were  pre¬ 
pared  by  a  conventional  mixed-oxide  method.  Starting  raw 
materials  were  BaCO,.  TiO,.  and  SnO..  Powders  were  mixed 
with  ethyl  alcohol  and  zirconia  grinding  media  and  ground  for 
48  h.  The  slurry  was  dried  and  calcined  at  1 100°C  for  2  h.  The 
powders  were  ball-milled  for  48  h.  then  dried,  and  3  wt%  of 
binder  was  mixed  with  the  powder.  Disks  1 3  mm  in  diameter 
were  pressed  and  sintered  at  1350°C  for  10-50  h  in  air.  Sintered 
disks  were  sliced  and  polished  100  ixm  in  thickness.  One  side  of 
each  sample  was  finished  with  0.25-p.m  diamond  paste  and 
attached  to  a  glass  plate  using  resin:  then  the  other  side  was 
polished  and  finished  with  0.25-p.m  diamond  paste  so  that  the 
sample  thickness  was  less  than  30  p.m.  Gold  electrodes  were 


Fig.  1.  Configuration  of  sample. 


Fig.  2.  Configuration  of  CCD  microscope  system. 
2809 
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sputtered  on  the  sample  surtace.  and  then  silver  wires  were 
attached  to  the  electrode  as  shown  in  Fig.  1 . 

Domain  motions  of  samples  were  observed  with  a  high- 
resolution  1480000  pixels)  CCD  microscope  iJapan  Hightech 
Co.)  at  various  temperatures  with  an  electric  held  applied  paral¬ 
lel  to  the  surtace.  Figure  2  shows  the  CCD  microscope  system. 
This  system  consists  of  an  optical  micro.scope  with  a  CCD 
camera,  a  temperature  control  unit,  and  a  display.  The  maxi¬ 
mum  magnification  of  this  micro.scope  is  X  1000.  and  the  con¬ 
trollable  temperature  range  of  the  sample  holder  is  from  —  1 90“ 
to  600°C.  The  reasons  for  using  a  CCD  microscope  are  as  fol¬ 
lows;  ( 1 )  SEM  or  TEM  has  higher  magnification  but  it  is  diffi¬ 
cult  to  apply  an  electric  field  to  samples  and  (2)  ordinary  optical 
microscopy  cannot  record  the  domain  motion. 

The  dielectric  constant  versus  temperature  was  measured 
in  the  temperature  range  from  —  100“  to  200“C  using  an  auto¬ 
mated  Hewlett-Packard  system.  Polarization  versus  electric 
field  (P-E)  curves  were  measured  with  a  Sawyer-Tower  circuit. 


Temperature  (°C) 


Fig.  3.  Permittivity  vs  temperature  characteristics. 
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Strain-field  characienstics  were  measured  using  a  linear  differ¬ 
ential  transformer. 

III.  Results  and  Discussion 

Figure  3  shows  the  temperature  dependence  of  permittivity 
for  BT.  BTS-5.  BTS-10.  and  BTS-13.  The  Cune  temperature 
shifts  to  lower  values,  and  the  shape  of  the  peak  becomes 
remarkablv  broader  with  increasing  Sn  content.  The  Curie  tem¬ 
peratures  of  BT.  BTS-5.  BTS-10.  and  BTS-13  are  12I.4“.  S5.7“. 
46.1°.  and  25.3“C.  respectively. 

Electrical  and  electromechanical  propenies  such  as  the  P-E 
and  field-induced  strain  charactenstics  were  measured  at  room 
temperature,  and  the  results  are  shown  in  Figs.  4  and  5.  Com¬ 
pared  with  the  BT  samples,  the  BTS  samples  show  smaller 
remanent  polarization  and  less  hysteresis.  This  is  due  to  the 
Curie  temperature  shift  to  lower  temperatures  and  the  change  of 
the  phase  transition  characteristic  from  sharp  to  diffuse  with 
increasing  Sn  content.  The  crx'stal  structure  of  both  BTS-10  and 
BTS-13  at  room  temperature  was  found  to  be  pseudocubic.  The 
field-induced  strain  curves  show  a  trend  similar  to  the  P-E 
curves  (Fig.  5).  With  increasing  Sn  content,  the  hysteresis 
becomes  smaller. 

Figure  6  shows  the  typical  domain  structures  of  BT.  BTS-5. 
BTS-10.  and  BTS-13  samples  at  room  temperature.  The  domain 
wails  of  BT  are  very  clear  straight  lines,  and  the  width  ol  the 
domain  is  rather  thick.  On  the  other  hand,  the  domains  ol  BTS-5 
are  tiny  and  less  well-defined.  With  increasing  Sn  content,  these 
domain  walls  became  more  tiny  and  less  well-defined,  and 
finally,  could  not  even  be  found  in  large  grains  (BTS-13).  Vari¬ 
ation  of  the  domain  structure  with  temperature  was  also 
observed,  and  the  results  are  shown  in  Figs.  7—10.  With  increas¬ 
ing  temperature,  the  domain  walls  became  unclear  and  disap¬ 
peared  completely  above  the  Curie  temperature.  BTS-5  showed 
clear  and  simple  domain  structure  at  55“C  because  it  has  a 
tetragonal  phase  at  this  temperature.  When  the  temperature  was 
decreased,  the  BT  and  BTS  samples  showed  different  results. 
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Fig.  4.  P-E  characteristics  of  (a)  BT.  (b)  BTS-5.  (c)  BTS-10.  and  id)  BTS-13  samples. 


Fig.  7.  Domain  structures  of  BT  samples  as  a  function  of  temperature:  (a)  143°.  (b)  24°.  and  (c)  0°C. 


(a)  (b) 


Fig.  8.  Domain  structures  of  BTS-5  samples  as  a  function  of  temperature:  Iai55°.  (b)  0°.  and  ici  -50°C. 
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For  the  BT  samples,  the  domain  structures  became  difficult  to 
define  and  some  parts  of  the  large  domains  were  divided  into 
small  spindle  shape  domains  suddenly  at  0°C.  We  attribute  this 
to  the  phase  transition  from  tetragonal  to  orthorhombic  at  this 
temperature.  The  difference  between  the  domain  shapes  in  the 
tetragonal  and  orthorhombic  phases  is  very  clear;  however,  the 
difference  between  domain  shapes  in  the  orthorhombic  and 
rhombohedrai  phases  is  not  significant.  The  BTS-5  samples 
showed  clear  phase  transitions  from  tetragonal  to  orthorhombic 
as  shown  in  Fig.  3  but  they  did  not  show  any  sudden  change  of 
domain  shape  due  to  the  phase  transition  as  the  BT  samples  did. 
It  was  reported  that  BTS- 10  shows  successive  phase  transitions 
from  a  tetragonal  to  an  orthorhombic  and  finally  to  a  rhombohe¬ 
drai  phase  in  a  small  temperature  range  with  decreasing  temper¬ 
ature.^  We  could  not.  however,  distinguish  obvious  phase 
transitions  in  the  dielectric  measurements  and  domain  shapes. 
The  BTS  samples  showed  a  gradual  change  of  domain  struc¬ 
tures  with  decreasing  temperature.  The  domain  walls  became 
clear,  in  general,  at  lower  temperatures.  It  is  noteworthy  that 
the  BTS-n.  which  does  not  show  any  domain  wails  at  room 
temperature,  shows  obvious  domain  walls  at  low  temeprature 
(Fig.  10).  The  domain  size  at  this  temperature  is  tiny  and  the 
domain  walls  are  rather  difficult  to  distinguish. 

Figures  11-14  show  domain  motion  of  the  BT  and  BTS  sam¬ 
ples  as  a  function  of  electric  field  at  room  temperature.  A  field 
of  ±  10  kV/cm  was  applied  to  the  samples.  The  BT  samples 
showed  90°  and  180°  domain  switching  with  application  of  the 
electric  field.  When  ±  10  kV/cm  was  applied  to  the  BT  sample, 
the  domain  walls  were  reoriented  by  90°  (Fig.  1 1(b)).  The  reori¬ 
ented  domain  walls  remained  even  after  removing  the  electric 
field  (Fig.  1 1(c)).  The  reoriented  domain  walls  returned  to  their 
initial  orientation  when  a  small  negative  bias  was  applied 
(Fig.  11(d)).  The  hysteresis  of  the  domain  motion  is  associated 
with  the  hysteresis  in  the  P-E  and  field-induced  strain  char¬ 
acteristics.  The  BTS-5  samples  also  showed  small  hysteresis 
of  domain  motion  (Fig.  12).  The  poled  domain  shape  was  dif¬ 
ferent  from  both  the  initial  state  (Fig.  12(a))  and  the  field  state 


(Fig.  12(b)).  On  the  other  hand,  the  BTS-10  and  BTS-I3  sam¬ 
ples  did  not  show  any  hysteresis  of  domain  motion,  as  shown  m 
Figs.  13  and  14.  Applying  an  electric  field  up  to  -i- 10  kV/cm  to 
the  BTS-10  sample  induced  domain  growth  from  tiny  and  com¬ 
plex  domains  to  large  and  simple  domains,  and  the  domain 
structure  returned  to  its  initial  state  as  the  electric  field  was 
removed.  In  the  case  of  the  BTS- 13  sample,  the  domain  walls 
were  observed  only  when  an  electric  field  of  ±5  kV/cm  was 
applied,  and  these  domain  walls  disappeared  above  2:5  kV/cm 
as  well  as  zero  field.  The  domain  dynamics  of  the  BTS- 13 
sample  were  associated  with  the  small  hysteresis  of  P-E  and 
field-induced  strain  characteristics. 

IV.  Conclusions 

Domain  structures  of  Ba(Sn.Ti)0,  become  drastically  small, 
less  well-defined,  and  complex  with  increasing  Sn  content. 
These  microdomain  configurations  are  rather  similar  to  those  of 
the  relaxor  ferroelectric  Pb(Zn|,,Nb,,,)0,.' 

The  domain  motion  of  BaTiO,  and  Ba(Ti„,,Sa,05)O,  show 
hysteresis  under  an  electric  field,  while  the  Ba(Ti„,Sn„ ,  )0,  and 
Ba(Tiog7Sn„,3)0,  samples  do  not  exhibit  hysteresis;  this 
explains  reasonably  the  superior  nonhysteretic  characteristics  in 
the  induced  strain  curve  of  Ba(Ti.Sn)0,. 
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An  anomalous  line  narrowing  along  with  the  appearance  of  several  new  lines  on  cooling  Bi4Ti-,0|2 
ceramics,  indicates  a  subtle  phase  transition  in  the  150-200  K  region.  In  the  same  temperature 
range,  anomalies  in  dielectric  properties  (dielectric  constant,  coercive  field,  and  spontaneous 
polarization)  of  single-crystal  614X130,2  were  reported.  A  possible  subtle  monoclinic-orthorhombic 
phase  change,  combined  with  a  continuous  ordering  of  dipoles  associated  with  Bi‘^^  lone  pair 
electrons  and  TiOft  octahedra,  may  be  responsible  for  these  results. 


I.  INTRODUCTION 

Bismuth  titanate,  614X130,2,  is  a  well-known  ferroelec¬ 
tric  with  a  Curie  temperature  of  675  It  is  a  member  of 
the  family  of  layer-type  compounds  first  reported  by 
Aurivillius"^"*  who  established  the  crystal  structure  to  consist 
of  three  perovskite-like  units  of  nominal  composition 
BiTi0,(=Bi2Ti30,„)^”  sandwiched  between  two  (Bi202)^^ 
layers  along  the  tetragonal  c  axis  (Fig.  1).  The  detailed  crys¬ 
tal  structure  was  derived  by  Dorrian  el  al.,^  using  x-ray  and 
neutron  diffraction  methods.  The  room-temperature  diffrac¬ 
tion  data  can  be  accounted  for  by  orthorhombic  symmetry 
but  careful  optical  studies  by  Cummins  and  Cross^  demon¬ 
strated  that  the  true  symmetry  at  room  temperature  is  mono¬ 
clinic  with  beta=90°r±r.  Recently  Rae  et  alJ  refined  the 
structure  and  confirmed  the  monoclinic  symmetry.  Thus  it 
appears  that,  at  room  temperature,  614X130,2  is  slightly 
monoclinic  optically,  but  is  essentially  orthorhombic  by  dif¬ 
fraction  studies. 

Dielectric  studies  of  single  crystals'’*’^  and  ceramics^''® 
of  Bi4Ti30,2  over  a  wide  temperature  range  showed  only  one 
dielectric  constant  peak  at  the  Curie  temperature.  On  the 
other  hand,  layer  compounds  with  an  even  number  of 
perovskite-like  units  between  two  Bi202  layers,  e.g., 
Bi3TiNb09  (n  =  2)  and  Bi,Ti3FeO,5  («  =  4)  exhibit  two 
phase  transitions  about  200  °C  apart,  whereas  compounds 
with  an  odd  number  of  perovskite-type  units  in  the  unit  cell 
display  only  one  phase  change."  However,  dielectric  mea¬ 
surements  on  single-crystal  614X130,2  along  the  c  axis  below 
room  temperature  by  Sawaguchi  and  Cross'^  showed  a  num¬ 
ber  of  unusual  features,  which  are  summarized  in  Fig.  2.  For 
example,  with  decreasing  temperature,  the  dielectric  constant 
(e^)  generally  decreases  except  for  a  broad  hump  around  150 
K,  the  spontaneous  polarization  {P,)  changes  little  but  for  a 
gradual  decrease  in  the  250-100  K  range  with  some  thermal 
hy.steresis  and  the  coercive  field  {E^)  gradually  decreases  to  a 
minimum  at  100  K  except  for  the  broad  hump  around  200  K. 
This  contrasts  with  the  behavior  of  ferroelectrics  which  ex¬ 
hibit  a  relatively  constant  and  increasing  with  decreas¬ 
ing  temperature.  The  fact  that  the  P^  vector  of  614X130,2  is 
tilted  in  the  monoclinic  ac  plane  with  the  major  component 


along  the  a  axis  and  that  the  switching  of  P^  may  be  to  the 
energetically  closer  orthorhombic  state  and  not  to  the  tetrag¬ 
onal  state,  was  suggested  as  the  possible  reason  for  the  un¬ 
usual  dielectric  behavior.'^  Thermodynamic  arguments  indi¬ 
cate  that  the  energy  separation  of  the  orthorhombic  and 
monoclinic  stales  decreases  with  decreasing  temperature.'^  ''' 
A  frequency  dependent  anomaly  in  the  dielectric  constant  of 
ceramic  Bi4Ti30,2  has  recently  been  reported  at  about 
220  K.'" 

TWo  earlier  studies  of  Raman  spectra  of  bismuth  titanate 
exist.  In  one,  the  frequency  of  the  soft  mode  decreased  (but 
not  to  zero)  at  about  200  °C,  indicative  of  a  phase  change."’ 
In  the  other,  changes  in  Raman  modes  under  the  influence  of 
pressure  suggested  two  phase  transitions  at  3  and  11  GPa.'^ 


‘’Permanent  address:  Tala  Research  Development  and  Design  Centre,  1 
Mangaldas  Road,  Pune  411001,  India.  FIG.  1.  Crystal  structure  of  BhTi,0|2  adapted  from  Ref.  3. 
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FIG.  2.  Variation  of  dielectric  properties  of  Bi<TijO|2  single  crystal  with 
temperature  below  300  K  (adapted  from  Ref.  12). 

It  thus  appears  that  subtle  phase  transitions  in  Bi4Ti30i2  can 
be  studied  by  Raman  spectroscopy. 

The  present  work  reports  a  study  of  Raman  spectra  of 
Bi4Ti30|2  ceramics  from  room  temperature  to  70  K  in  order 
to  elucidate  low-temperature  structural  transitions. 

II.  EXPERIMENT 

Ceramic  discs  of  Bi4Ti30,2  were  prepared  by  conven¬ 
tional  mixed  oxide  methods.  X-ray  diffraction  methods  were 
used  to  confirm  compound  formation. 

The  Raman  spectra  were  obtained  on  an  Instruments  SA 
Ramanor  U-1000  spectrometer  with  the  514.32  nm  line  of  an 
Ar^  laser  as  an  excitation  source.  Laser  power  was  set  at  200 
mW  with  a  spectral  slit  width  of  3  cm"‘.  The  instrument  was 
equipped  with  a  microscope  attachment  with  a  focal  spot  size 
of  the  order  of  a  few  microns.  Optical  losses  were  such  that 
about  10%  of  the  laser  power  was  focused  on  the  sample 
surface. 

For  measuring  the  temperature  dependence  of  the  Ra¬ 
man  spectra,  the  sample  was  mounted  on  a  cold  stage  of  an 
MMR  Joule-Thompson  refrigerator  equipped  with  the 
MMRK20  programmable  temperature  controller  and  capable 
of  cooling  from  room  temperature  to  65  K.  Thermally  con¬ 
ducting  grease  was  used  to  obtain  the  best  contact  between 
the  cold  stage  and  the  sample.  The  sample  was  0.5  mm  thick 
in  order  to  reduce  the  temperature  gradient. 


FIG.  3.  Raman  spectra  of  BijTiiOi,  taken  at  80  anti  295  K. 

III.  RESULTS 

Complete  Raman  spectra  at  295  and  80  K  are  shown  in 
Fig.  3.  There  is  a  dramatic  narrowing  of  the  Raman  lines 
between  room  temperature  and  80  K  witli  mucli  additional 
detail  resolved  at  low  temperature.  At  295  K  the  spectrum 
consists  of  only  five  broad  bands  and  two  sharp  bands  at  a 
very  low  wave  number.  At  low  temperatures,  only  the  band 
near  850  cm”'  simply  becomes  sharper  and  more  intense. 
The  other  broad  features  break  up  into  clusters  of  sharp 
bands  so  that  at  80  K,  32  distinct  bands  have  been  resolved. 

Expanded  spectra  of  selected  regions  collected  at  various 
intermediate  temperatures  (Fig.  4)  show  that  the  sharpening 
of  the  Raman  bands  is  a  continuous  function  of  temperature; 
there  is  no  abrupt  change  from  broad  to  narrow  Raman  bands 
although  much  of  the  sharpening  seems  to  take  place  near 
150  K.  Careful  quantitative  line-shape  measurements  show 
that  the  low  wave  number  group  of  bands  and  the  intense 
high  wave  number  mode  at  850  cm  '  are  of  most  interest. 

The  wave  number  of  the  850  cm  '  band  is  nearly  inde¬ 
pendent  of  temperature  (Fig.  5)  and  it  broadens  continuously 
from  about  20  cm  '  at  80  K  to  40  cm  '  at  room  temperature. 
The  intensity,  however,  decreases  markedly  with  increasing 
temperature  up  to  about  150  K.  At  higher  temperatures  the 
intensity  is  low  but  constant. 

The  cluster  of  sharp,  low  wave  number  bands  are  likely 
to  result  from  bending  and  torsional  modes  of  the  titanium 
and  bismuth  polyhedra,  those  aspects  of  the  structure  which 
are  most  involved  with  ferroelectric  ordering  and  phase  tran- 
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FIG.  4.  The  evolution  of  the  shape  of  B^TijOgj  Raman  bands  with  temperature. 


sitions.  The  wave  number  of  these  bands  does  not  change 
much  with  temperature  (Fig.  6).  The  weak  band  at  75  cm”' 
disappears  as  the  temperature  rises,  being  lost  in  the  back¬ 
ground  at  about  150  K.  An  intense  doublet  with  components 
at  62  and  66  cm”'  is  a  major  feature  of  the  spectrum  at  80  K. 
As  the  temperature  rises,  the  66  cm”'  component  loses  in- 


Temperoture  (K) 


FIG.  5.  Dependence  on  temperature  of  the  integrated  intensity,  bandwidth, 
and  wave  number  of  the  850  cm"'  Raman  band. 
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tensity  and  merges  into  the  shoulder  of  the  61  cm”'  band 
above  150  K. 

The  low-temperature  bands  are  narrow,  widths  in  the 
range  of  8-10  cm”'  at  80  K.  Some  remain  sharp  or  broaden 
only  slightly  as  the  temperature  rises  while  the  92  cm”'  band 
broadens  from  6  to  24  cm”'  over  a  relatively  restricted  tem¬ 
perature  interval  between  150  and  250  K  (Fig.  7).  The  most 
pronounced  effect  occurs  in  the  plots  of  integrated  intensity 
(Fig.  8).  Intensities  decrease  abruptly  near  150  K  in  the  three 


FIG.  6.  Variation  of  wave  number  with  temperature  for  low  wave  number 
set  of  Bi4Ti30|2  Raman  bands. 
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TABLE  I.  Classincalum  and  selection  rules  for  Bi4li,0|T  with  tetragonal 
structure  (space  group  I4/ninim). 


^4/i 

Acoustic 

modes 
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421, 
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0 

Biu 

2 

ilKICtivC 

Eu 

to 

lU.y) 
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FIG.  7.  Variation  of  line  widths  with  temperature  for  low  wave  number  set 
of  Bi4Ti]0|2  Raman  bands. 

bands  shown  in  Fig.  8  but  it  is  apparent  from  Fig.  4  that  the 
intensities  of  most  other  bands  also  decrease  greatly  in  this 
temperature  range. 

IV.  DISCUSSION 

The  large  number  of  sharp  bands  seen  in  the  low- 
temperature  spectra  lend  themselves  to  the  use  of  symmetry 
arguments  to  put  some  constraints  on  the  possible  low- 
temperature  structures.  Classification  of  the  normal  modes  of 
the  prototype  tetragonal  structure  (Table  I)  predicts  a  maxi¬ 
mum  of  16  Raman  active  modes  which  is  about  twice  the 
number  of  Raman  bands  observed  at  room  temperature  al¬ 
though  these  bands  are  too  broad  for  accurate  counting.  Bis¬ 
muth  titanate  is  known  to  undergo  a  distortion  from  the  high 
symmetry  prototype  to  an  orthorhombic  structure  which  is 
referred  to  by  Withers,  Thompson,  and  Rae**  as  the  “parent 
structure”  from  which  different  ferroelectric  orderings  can  be 
derived  by  modulation  along  various  wave  vectors.  The  par¬ 
ent  structure,  with  space  group  Fmmm,  is  predicted  to  have 
24  Raman  active  modes  (Table  II),  very  close  to  the  actual 
number  observed.  Mode  counting  in  the  Raman  spectra  of 
ceramics  is  never  quite  exact  because  of  the  possibility  of 
overlapping  bands,  bands  formally  allowed  but  too  weak  to 


FIG.  8.  Variation  of  integrated  intensity  with  temperature  for  low  wave 
number  set  of  Bi4TijO|2  Raman  bands. 


observe,  and  bands  that  may  be  multiphonon  features.  There 
are  28  bands  in  the  80  K  spectrum  of  which  two  disappear  at 
the  150  K  anomaly  leaving  exactly  the  predicted  number  in 
the  intermediate  temperature  spectra. 

All  symmetric  modes  of  vibration  are  Raman  active  in 
the  centrosymmetric  orthorhombic  structure.  A  monoclinic 
distortion  that  would  break  the  center  of  symmetry  would 
allow  additional  modes  from  the  antisymmetric  set  to  po.ssi- 
bly  appear  in  the  Raman  spectrum. 

The  substantial  amount  of  line  broadening  that  occurs 
with  increasing  temperature  requires  a  different  explanation. 
Although  the  large  increase  in  line  width  takes  place  over  a 
small  temperature  range  in  certain  modes  is  a  feature  of  a 
phase  transition,  the  overall  broadening  is  also  observed  in 
the  component  oxides,  Ti02  (Ref.  19)  and  as  well  as 

in  many  other  polar  materials.  The  temperature  dependent 
line  narrowing  is  interpreted  as  arising  from  a  positional  dis¬ 
order  of  the  nonbonding  lone-pair  electrons  on  Bi’’^  and 
from  the  dipole  a.ssociated  with  the  off-center  Ti  atom  in 
the  perovskile  layer  TiO(,  octahedra.  However,  diffraction 
studies  by  Withers  (personal  communication)  at  liquid  nitro¬ 
gen  temperature  did  not  provide  any  evidence  for  a  phase 
transition,  at  least  not  a  phase  transition  that  alters  the  space 
group. 

V.  CONCLUSIONS 

Detailed  examination  of  the  temperature  dependence  of 
Raman  line  shapes  in  Bi4Ti30i2  reveals  an  anomaly  in  the 
range  of  150-200  K  which  correlates  with  anomalies  in  the 
dielectric  properties.  The  anomaly  can  be  interpreted  as  a 


TABLE  It.  Classificatiun  and  selection  rules  for  Bi4TiiO|2  witli  orlhorliom- 
bic  structure  (space  group  Fniinm). 
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ture.  Superimposed  on  changes  assigned  to  the  phase  transi¬ 
tion  is  a  temperature-dependent  line  broadening  related  to 
positional  ordering  of  dipoles  within  the  structure. 
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1.  INTRODUCTION 

Composite  materials  have  found  a  number  of  structural  applications  but  their 
use  in  the  electronics  industry  has  been  relatively  limited.  As  the  advantages  and 
disadvantages  of  electroceramic  composites  are  better  understood,  we  can  expect 
this  picture  to  change. 

In  this  paper  we  review  some  of  the  composite  sensor  and  actuator  studies 
carried  out  in  our  laboratory  during  the  past  decade.  These  fimctional  composites 
make  use  of  a  number  of  imderlying  ideas  including  connectivity  patterns  leading 
to  field  and  force  concentration;  the  use  of  periodicity  and  scale  in  resonant 
structures;  the  symmetry  of  composite  structures  and  its  influence  on  physical 
properties;  polychromatic  percolation  and  coupled  conduction  paths;  varistor 
action  and  other  interfacial  effects;  sum,  combination,  and  product  properties; 
coupled  phase  transformation  phenomena;  and  the  important  role  that  porosity 
and  inner  composites  play  in  composite  materials.  These  ideas  provide  a  basic 
understanding  of  functional  composites  and  have  been  discussed  previously.^  In 
the  present  paper,  we  describe  several  composite  piezoelectrics  and  thermistors 
which  utilize  some  of  these  principles. 


2.  Composite  Transducers 

Early  investigators  concentrated  on  polymer-ceramic  composites  for  use  as 
hydrophones.^  Several  interesting  connectivity  patterns^  were  developed  including 
3-3  structures  made  by  the  replamine  process^  and  by  fugitive  phase  technique®’®. 
Then  came  the  more  useful  1-3  composites  consisting  of  parallel  PZT  fibers 
embedded  in  a  polymer  matrix.  These  structures  were  made  by  extrusion*^,  by 
dicing®,  and  more  recently  by  injection  molding®  and  lithographic  lost-wax 
techniques.^®  The  coupling  between  the  ceramic  fibers  and  the  polymer  matrix  is 
important.  In  optimizing  hydrophone  performance,  the  d^gh  product  was 


chosen  as  a  figure  of  merit.  The  1-3  composite  increases  dh  and  by  reducing  the 
d3i  piezoelectric  coefficient  and  the  dielectric  constant  while  maintaining  the  large 
d33  coefficient. 

The  usefulness  of  the  1-3  composite  in  high  frequency  applications  for  non¬ 
destructive  testing  and  medical  diagnostics  was  recognized  later. ^2, 13, 14 
Biomedical  transducers  require  resonant  frequencies  in  the  1-10  MHz  range,  high 
electromechanical  coupling  coefficients,  low  acoustic  impedance,  and  broad 
bandwidth.  The  1-3  transducers  manufactured  by  Siemens^®  have  thickness 
resonances  of  5-10  MHz,  coupling  coefficients  kt=0.67,  K=600,  tan  5<  0.025,  and  a 
mechanical  Q  about  10. 

Poling  is  sometimes  difficult  for  the  long,  slender  PZT  fibers  used  in  1-3 

composites.  Electric  breakdown  often  occurs  before  poling  is  complete,  and  the 

transducer  is  ruined.  Lower  poling  and  driving  fields  are  obtained  when  the 

spaghetti-like  PZT  fibers  are  replaced  with  macaroni-like  PZT  tubules.  When 

electroded  inside  and  out,  the  thin-walled  tubes  are  poled  and  driven  radially  at 

relatively  modest  voltages.  Radial  motions  are  coupled  to  length-wise 

displacements  through  the  dgi  coefficient.  Effective  piezoelectric  constants  of  about 

8000  pC/N  and  large  d^gh  products  are  achieved  with  these  composites.  Other 

variants  on  the  basic  1-3  structure  include  the  1-2-3  composite  with  transverse  load 

bearing  fibers^®,  and  the  1-3-0  composite  with  a  foamed  polymer  matrix^’^,  and  the 

1 R 

interesting  woven  fiber  composites  devised  by  Safari  and  co-workers. 

Perhaps  the  simplest  piezoelectric  composite  is  the  0-3  transducer  made  by 
dispersing  ceramic  particles  in  a  pol3aner  matrix.^®  The  NTK  Piezo-Rubber  films 
and  cables  are  used  as  flexible  hydrophones,  keyboards,  blood  pressure  cuffs,  and 
musical  instruments.  They  are  made  by  hot-rolling  PbTi03  particles  into  a 

chloroprene  rubber  matrix.^® 

As  mentioned  earlier  PZT  is  widely  used  as  a  transducer  material  because  of  its 
high  piezoelectric  coefficients.  However,  for  hydrophones  apphcations,  PZT  is  a 
poor  material  for  several  reasons.  The  hydrostatic  piezoelectric  coefficient,  dh 
(-dgg  +  2d3i),  is  very  low.  The  piezoelectric  voltage  coefficients,  g33  and  gh,  are  low 
because  of  the  high  dielectric  constant  of  PZT  (1800).  The  acoustic  matching  of  PZT 
with  water  is  poor  because  of  its  high  density  (7.9  g/cm®).  Moreover,  it  is  a  brittle, 
non-flexible  ceramic. 

In  the  last  decade,  several  investigators  have  tried  to  fabricate  composites  of  PZT 
and  polymers  to  overcome  the  above  problems  of  PZT.  It  has  been  shown  that  it  is 
possible  to  improve  upon  the  piezoelectric  properties  of  homogeneous  PZT  by  the 
composite  approach.  The  concept  that  the  connectivity  of  the  individual  phases 
control  the  resulting  properties  has  been  demonstrated  in  a  number  of  composites 
with  different  geometry  and  different  connectivity  of  the  individual  phases.  The 
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hydrostatic  piezoelectric  properties  of  these  composites  are  superior  to  single-phase 
PZT.  However,  some  of  the  earlier  composites  suffer  from  disadvantages  due  to 
difficulty  in  preparation  or  reduction  in  hydrostatic  sensitivity  with  increasing 
pressure.  Thus,  there  still  exists  a  need  to  further  improve  the  piezoelectric 
properties  of  these  composites.  It  is  especially  desirable  to  have  the  composites 
prepared  without  any  problems  in  processing  and  fabrication  and  also  show  high 
figures  of  merit  for  hydrophone  applications  with  little  or  no  variation  in  static 
pressure  sensitivity  under  hydrostatic  loading. 

It  was  demonstrated  by  Safari^®  that  based  on  the  theory  of  connectivity  new 
composites  with  different  connectivity  patterns  could  be  fabricated  with  enhanced 
performance.  Most  of  the  work  involved  composites  with  1-3  and 
2-3  connectivity,  shown  below  in  figure  1.  These  composites  were  prepared  by 
drilling  either  circular  or  square  holes  in  prepoled  PZT  blocks,  in  a  direction 
perpendicular  to  the  poled  axis  and  by  filling  the  drilled  holes  with  epoxy.  On  the 
samples  optimized  for  hydrophone  performance,  the  gh  and  d^gh  coefficients  were 

about  4  and  40  times  greater,  respectively,  for  the  1-3  composites;  and  25  and  150 
times  greater  for  the  2-3  composites  compared  to  those  of  solid  PZT.  For  1-3 
composites,  there  was  practically  no  variation  of  gh  with  pressure  up  to  8.4  MPa. 

In  the  case  of  2-3  composites,  there  was  a  slight  variation  of  g^  with  pressure. 

2.1.  BB  Transducers 

BB’s  are  hollow  spherical  transducers  a  few  millimeters  in  diameter,  about  the 
same  size  as  the  metallic  pellets  used  in  air  rifles  (BB  gims).  PZT  BB’s  are  mass 
produced,  by  a  patented  forming  process  in  which  air  is  blown  through  a  PZT 
slurry  of  carefully  controlled  viscosity.  The  hollow  spheres  are  1-6  mm  in  diameter 
with  wall  thickness  of  0.1  mm.  Densities  are  about  1.3  g/cm®  giving  the  BB  a  low 
acoustic  impedance  close  to  that  of  water  and  human  tissue. 

When  embedded  in  a  polymer  matrix  to  form  a  0-3  composite  the  BB  spheres  are 
siuprisingly  strong,  and  able  to  withstand  large  hydrostatic  pressure  without 
collapse.  Close-packed  transducer  arrays  are  easily  assembled. 

When  electroded  inside  and  out,  and  poled  radially  the  BB  becomes  an 
omnidirectional  transducer^  ^  suitable  for  xmderwater  or  biomedical  applications. 
For  spheres  2.6  mm  is  diameter  with  90  |xm  thick  walls,  the  resonant  firequencies 
are  700  kHz  for  the  breathing  mode  (d3i)  and  10  MHz  for  the  wall  thickness  mode 
(d33).  BB’s  are  small  enough  to  be  used  in  catheters  for  non-invasive  surgery  to  act 
as  beacons,  sensors,  and  actuators.  More  than  a  million  such  procedimes  are  now 
carried  out  annually. 

2.2.  Zig-Zags  and  Smarties 

2jig-zag  actuators  are  split  bimorphs  in  which  two  ceramic  legs  are  driven 
independently  to  generate  S3mchronized  horizontal  and  vertical  displacements. 
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The  legs  are  joined  in  a  teepee-like  configuration  which  imparts  a  rolling  motion  to 
the  load.  Typical  motions  are  in  the  1-  30  pm  range  and  look  to  be  useful  in 
piezomotor  and  conveyor  belt  applications.'^*^ 

Smarties  are  a  family  of  composite  transducers  which  combine  two  or  more 
active  elements  to  provide  the  sensing  and  actuating  functions  characteristic  of  a 
smart  material.  There  are  four  solid-state  actuator  materials  currently  in  use 
throughout  the  world^^;  Piezoelectric  PZT,  electrostrictive  PMN,  magnetostrictive 
TbFe2,  and  NiTi  shape  memory  alloy.  We  have  begun  to  look  at  ways  in  which 

these  materials  can  be  joined  to  take  advantage  of  the  best  features  of  each. 
Preliminary  results  on  the  first  of  these  composite  actuators  -  NiTi  strips  coated 
with  sol-gel  layers  of  PZT  have  been  reported.^^ 


FIGURE  1 

Two  connectivity  patterns  utilized  in  composite  transducers. 


3.  FLEXTENSIONAL  TRANSDUCERS  “MOONIES” 

In  recent  years,  piezoelectric  and  electrostrictive  ceramics  have  been  used  in 
many  actuator  applications.  To  meet  these  needs  a  new  type  of  composite  actuator 
based  on  a  flextensional  transducer  has  been  developed.^"^"^®  This  ceramic-metal 
composite  actuator,  or  *moonie”  consists  of  either  a  piezoelectric  ceramic  disc  or  a 
multilayer  stack,  sandwiched  between  two  specially  designed  metal  end  caps.  This 
design  provides  a  sizable  displacement,  as  well  as  a  large  generative  force.  In 
other  words,  it  bridges  the  gap  between  the  two  most  common  types  of  actuators, 
the  multilayer  and  the  bimorph.^^  The  shallow  spaces  under  the  end  caps  produce 
a  substantial  increase  in  strain  by  combining  the  das  and  the  dsi  contributions  to 

the  ceramic.  It  is  attractive  for  hydrophone,  transceiver  and  actuator  applications, 
and  is  especially  advantageous  for  use  as  a  non-resonant,  low  frequency  projector 
in  deep  water. 
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The  basic  configuration  of  the  moonie  is  shown  in  figure  2.  The  metal  end  caps 
serve  as  mechanical  transformers  for  converting  and  amplifying  the  lateral  motion 
of  the  ceramic  into  a  large  axial  displacement  normal  to  the  end  caps.  Both  the  dai 
(=d32)  and  das  coefficients  of  the  piezoelectric  ceramic  contribute  to  the  axial 
displacement  of  the  composite.  Figure  3  below  shows  the  enhanced  displacement 
of  the  moonie  actuator  as  a  fimction  of  applied  electric  field  compared  to  PZT 
ceramic. 

t 

BONDING 
LAYERS 


i 

FIGURE  2 

The  geometry  of  the  ceramic-metal  composite  actuator  "Moonie".  The  arrows 
describe  the  direction  of  displacement. 
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FIGURE  3 

Typical  static  displacement  of  the  moonie  actviator  as  a  function  of  the  applied  E  field. 
3.1.  Applications  of  the  moonie 

Three  applications  for  this  type  of  flextensional  transducer,  the  moonie,  have 
been  explored^^.  Hydrophone  sensors,  transceivers  for  fish  finders,  and  positional 
actuators.  Geometry  and  bonding  effects  on  the  resonance  characteristics  and 
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displacement  of  the  moonie  transducer  were  investigated  using  finite  element 
analysis  (FEA). 

3.1.1.  Hydrophone  applications  of  the  moonie 

Hydrophone  sensitivity  depends  on  d^,  the  hydrostatic  piezoelectric  charge 
coefficient,  and  gh,  the  hydrostatic  piezoelectric  voltage  coefficient.  The  moonie 

transducer  was  introduced  as  a  hydrophone  having  the  highest  figure  of  merit, 
dh  X  gh  =  50,  000  X  10^®  m^/N,  which  is  about  500  times  larger  than  the  PZT 

ceramic,  as  well  as  maintaining  high  capacitance  and  pressure  tolerance.  The 
stress  distribution  of  the  moonie  hydrophone  under  a  hydrostatic  pressure  was 
determined  using  FEA.  FEA  showed  that  extensional  stresses  along  the  radial  and 
tangential  directions  were  generated  under  a  hydrostatic  pressure,  and  contributed 
significantly  to  the  very  high  figure  of  merit  of  the  moonie. 

In  addition  to  this,  the  effect  on  prestresses  caused  by  thermal  treatment  of  the 
moonie  were  also  estimated.  The  maximum  stress  concentration  reached  several 
hundred  MPa.  The  maximum  compressive  stress  concentration  reaches  about  300 
MPa  along  the  radial  direction  at  the  inner  bonding  edge,  and  400  MPa  extensive 
stress  concentration  occurs  at  the  cavity  top  of  the  cap. 

The  combined  effect  of  high  hydrostatic  pressure  (7  MPa  corresponding  to  a 
700  m  water  depth),  and  thermal  processes  were  also  estimated.  Even 
7  MPa  hydrostatic  pressure  causes  little  deformation  to  the  moonie  hydrophone 
because  the  effect  of  relatively  large  prestress  pressures  exceed  those  of  the 
hydrostatic  environment.  This  is  one  of  the  reasons  that  the  moonie  hydrophone 
has  high  pressure  tolerance. 

3.1.2.  Transceiver  for  fishfinder 

Using  FEA  to  design  the  moonie  fish  finder  made  it  possible  to  predict  the 
flextensional  resonant  frequency.  The  effect  of  the  following  five  geometrical 
parameters:  PZT  diameter,  PZT  thickness,  cap  thickness,  cavity  size,  and  bonding 
layer  thickness  on  the  resonant  frequency  were  carefully  investigated.  Among 
these  parameters,  the  resonant  frequency  is  sensitive  to  the  diameter,  cap 
thickness  and  cavity  size.  The  bonding  layer  thickness,  however,  has  little  effect  on 
the  resonant  frequency.  It  was  fotmd  that  the  lowest  flextensional  frequencies  are 
proportional  to  the  square  root  of  the  cap  thickness  and  inversely  proportional  to  the 
square  of  the  diameter.  These  results  are  demonstrated  below  in  figures  4  and  5. 

From  the  results  obtained  by  Onitsuka^  the  moonie  fish  finders  showed  high 
response  sensitivity  but  poor  transmission.  The  high  impedance  of  the  moonie  fish 
finder  makes  it  difiGcult  for  practical  for  usage,  but  additional  inductance  will  help 
to  reduce  the  impedance. 
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FIGURE  4  FIGURE  5 

First  resonant  frequencies  as  a  function  First  resonant  frequencies  calculated 

of  the  aluminum  cap  thickness.Dimensions:  by  finite  element  analysis  plotted  as  a 
dp=35  mm,  dm=35  mm,  dc=28  mm,  function  of  PZT  diameter.  (Calculated 

tp=2  mm,  h=0.2  mm  where  dp=PZT  diameter,  curve  for  dc/dp=0.8,  tp=3,  tm=6) 
dm=metal  cap  diameter,  dc=cavity  diameter, 
h=cavity  depth,  tp=PZT  thickness,  and 
tm=metal  cap  thickness. 

3.1.3.  Actuator 

Moonie  actuators  have  very  high  effective  d33  coefficients  depending  on  the 
geometry.  Effective  d33  coefficients  as  large  as  4,000  pC/N  were  obtained  with  brass 

caps  0.3  mm  thick,  but  the  value  decreased  rapidly  toward  the  edge  of  the 
transducer.  This  is  approximately  ten  times  higher  than  the  dgg  of  a  PZT-5 

ceramic.  The  characteristics  of  the  moonie  actuator  depend  markedly  on  the 
geometry  and  material  combination.  Among  the  geometric  parameters,  cavity 
diameter,  cavity  depth,  and  cap  thickness  are  the  main  contributors  to  the 
displacement  of  a  moonie  actuator.  An  applied  1  kV/mm  electric  field  produces  a 
displacement  of  22  |xm  at  the  center  of  a  carefully  designed  brass  capped  moonie 
actuator.  By  stacking  two  identical  single  moonies  with  these  dimensions,  the 
double  stacked  moonie  actuator  produced  40  pm  displacement.  It  was  confirmed 
that  the  incorporation  of  a  multilayer  ceramic  actuator  as  a  moonie  driver  reduced 
the  applied  voltage  to  a  practical  range. 

The  load  canying  capability  of  the  moonie  was  measvu-ed  experimentally  and 
calculated  by  FEA.  The  calculated  maximum  load  (300  gf.)  at  the  effective  working 
area  of  3  mm^  agrees  with  that  obtained  y  the  extrapolation  of  the  experimental 
data. 
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By  choosing  the  appropriate  position  on  the  caps,  their  desired  displacement 
and  generative  force  can  be  obtained.  The  moonie  actuator  has  a  great  potential  for 
many  applications  because  of  its  unique  characteristics. 


4.  CONDUCTOR  FILLED  COMPOSITES 

Composites  consisting  of  a  highly  conductive  filler  powder  dispersed  in  a 
flexible,  insulating  pol)Tner  matrix  are  commonly  used  in  electronic  applications 
for  die  attach^^,  solderless  connectors^'^,  thermistors^^’^®,  and  pressure  sensing 
elements. Other  uses  of  such  composites  include  electromagnetic  shielding  and 
antistatic  devices^®  as  well  as  chemical  sensors.^^ 

The  electrical  properties  of  these  materials  are  described  by  conventional 
percolation  theory.^®  When  a  sufficient  amount  of  conductive  filer  is  loaded  into  an 
insulating  matrix,  the  composite  transforms  from  an  insulator  to  a  conductor, 
arising  through  the  continuous  linkages  of  particles,  figure  6.  As  the  volume 
fraction  of  filler  is  increased,  the  probabihty  of  continuity  increases  until  the 
critical  volume  fraction  is  reached,  beyond  which  the  electrical  conductivity  is 
high,  comparable  to  the  filler  material. 

Once  percolation  is  "complete",  i.e.  a  significant  niomber  of  percolated  linkages 
has  formed,  the  difference  in  conductivity  between  samples  with  the  same  degree  of 
self  connectivity  and  the  same  volume  fraction  of  filler  but  with  different  filler 
materials  can  be  unpredictably  large.  All  particle-filled  composites  have 
resistivities  several  orders  of  magnitude  higher  than  the  resistivities  of  the  pure 
filler  materials. 


0  Vc  1 

VOLUME  FRACTION  FILLER 

FIGURE  6 

Percolation  theory  as  applied  to  conductive  composites,  showing  the  development  of 
conductive  pathways  with  an  increase  in  voliune  fraction  of  filler.^® 
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Thermistors  or  temperature  dependent  resistors,  are  tjrpically  made  from  doped 
ceramics  (BaTiOs).  The  desire  for  improved  properties  and  ease  of  processing  has 
spurred  the  development  of  composite  thermistors.^  1  This  type  of  composite 
combined  a  low  resistivity  filler  powder,  such  as  carbon  black,  vanadium 
sesquioxide,  or  nickel  with  a  high  resistivity  pol3Tner  matrix  such  as  polyethylene 
or  polystyrene.  In  the  dormant  room  temperature  state  the  thermistor  has  a 
resistivity  similar  to  the  filler.  On  being  activated  by  heating,  however,  the 
resistivity  increases  to  a  value  close  to  the  polymer  matrix  resistivity,  often  an 
increase  of  eight  orders  of  magnitude. 


5.  CHEMICAL  SENSORS 

Conductive  composites  exposed  to  a  solvent,  in  order  to  produce  chemical 
sensing  capabilities,  have  also  been  shown  to  take  advantage  of  percolation 
phenomena.^^  A  conductive  composite  which  shows  some  sensitivity  to  chemical 
vapors  undergoes  a  four-step  resistance  change  during  exposure  to  the  solvent. 
First,  adsorption  of  solvent  onto  the  surface  of  the  composite  results  in  a  small, 
quick  increase  in  resistance.  Secondly,  as  the  solvent  diffiises  through  the  sensor 
sample,  the  number  of  percolated  chains  decreases  and  the  remaining  chains 
become  less  conductive;  a  gradual  increase  in  resistance  occurs  during  this  step. 
Third,  when  the  last  remaining  percolated  linkage  is  disrupted,  there  is  a  large 
increase  in  resistivity,  usually  several  orders  of  magnitude;  this  conductor-to- 
insulator  switch  is  the  most  important  step  for  application  purposes.  Finally,  as 
more  solvent  diffuses  into  the  composite,  the  resistivity  saturates  at  a  level 
determined  primarily  by  the  conductivity  of  the  solvent/polymer  solution,  although 
some  effects  from  the  filler  are  evident. 

The  maximum  sensor  response  occurs  when  the  maximum  swelling  in  the 
polymer  occims.  Maximum  swelling  occurs  when  the  solubility  parameters  for  the 
solvent  equal  those  of  the  solvent,  although  this  interpretation  is  only  valid  in  the 
absence  of  strong  intermolecular  forces.  The  variations  in  swelling  and  in  solvent 
resistivity  help  to  improve  the  selectivity  of  the  sensors.  From  polymer  to  polymer, 
the  maximum  possible  swelling  varies  as  a  fimction  of  flexibility  of  the  polymer;  the 
higher  the  flexibility,  the  greater  the  swelling.  Swelling  does  not  appear  to  be  a 
continuous  function  of  solvent  vapor  pressure. 

The  response  time  of  the  composite  is  determined  by  three  factors:  the  diffusivity 
of  the  solvent  in  the  polymer,  the  thickness  of  the  sensor  film,  and  the  maximum 
possible  swelling  in  the  poljoner.  For  sensor  applications,  a  high  diffusivity,  high 
maximum  swelling,  and  small  film  thickness  are  desired. 
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The  greatest  sensitivity  can  be  obtained  by  choosing  composite  samples  close  to 
Vc  and  with  the  hardest  possible  filler  material.  The  sample  must  be  thin  enough 

to  promote  a  quick  response  but  thick  enough  to  promote  low  initial  resistivity.  A 
hysteretic  curve  is  seen  upon  repeated  exposure  of  a  sensor  to  a  solvent,  with  the 
total  recovery  time  dependent  on  the  exposure  time. 


6.  SMART  MATERIALS 

Smart  materials'^^  have  the  ability  to  perform  both  sensing  and  actuating 
functions.  Passively  smart  materials  respond  to  external  change  in  a  useful 
manner  without  assistance,  whereas  actively  smart  materials  have  a  feedback  loop 
which  allows  them  to  both  recognize  the  change  through  an  actuator  circuit.  Many 
smart  materials  are  analogous  to  biological  systems:  piezoelectric  hydrophones 
mentioned  earlier  are  similar  in  mechanism  to  the  “ears”  by  which  a  fish  senses 
vibrations.  Piezoelectrics  with  electromechanical  coupling,  shape  memory 
materials  that  can  “remember”  their  original  shape,  electrorheological  fluids  with 
adjustable  viscosities,  and  chemical  sensors  which  act  as  synthetic  equivalents  to 
the  human  nose  are  examples  of  smart  electroceramics.  “Very  smart  materials, 
in  addition  to  sensing  and  actuating,  have  the  ability  to  “learn  by  altering  their 
property  coefficients  in  response  to  the  environment.  Integration  of  these  different 
technologies  into  compact,  multifunction  packages  is  the  ultimate  goal  of  research 
in  the  area  of  smart  materials.  We  expect  big  changes  to  occur  in  this  field  during 
the  coming  decades. 
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APPENDIX  27 


THE  EFFECT  OF  GEOMETRY  ON  THE  CHARACTERISTICS  OF  THE  MOONIE 
TRANSDUCER  AND  RELIABILITY  ISSUE 


A.  Dogan,  S.  Yoshikawa  K.  Uchino.  and  R.E.  Newnham 
International  Center  for  Actuators  and  Transducers 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
Uruversity  Park,  PA  16802 


Abstract:  The  moonie  actuator  is  a  versatile  performer  that 
fills  the  gap  between  the  multilayer  actuator  and  the  bimorph 
actuator.  This  paper  describes  the  efifert  of  geometrical  changes 
in  the  endcap  on  the  moonie's  actuator  characteristics.  The 
reliability  ti  multilayer  moonie  actuators  were  tested  for  long 
term  usage  and  a  wide  range  of  temperatures.  The  effect  of 
cavity  dimensions,  which  are  the  key  parameters  for 
transformation  and  amplification  of  lateral  motion  into  axial 
motion,  on  the  characteristics  of  the  moonie  actuator  were 
investigate.  Fatigue  tests  of  multilayer  moonie  actuator  were 
performed  under  a  cyclic  electric  field  of  1  kV/mm  with 
triangular  wave  form  at  100  Hz,  up  to  10^  cycles,  at  rtwrn 
temperature.  Deviations  less  than  ±0.1%  from  the  original 
displacement  value  were  observed.  Temperature  depende^e 
experiments  were  performed  in  the  range  of  -20  to  +70 
Maximum  ±  15%  nonpetmanent  deviations  in  the  displacement 
from  the  room  temperature  value  were  observed. 


INTRODUCTION 

The  unique  desgn  of  the  ceramic-metal  composite  “moonie" 
transducer,  makes  it  a  candidate  for  several  transducer 
applications  including  hydrophones,  transceivers  (e.g.  fish 
finder),  actuators,  and  active  vibration  controllers  (smart 
systeras)(^‘5l  The  objective  of  this  study  is  to  evaluate  the 
actuator  characteristics  of  the  moonie.  Desirable  actuator 
properties  such  as  displacement,  generative  force,  and  response 
time  (resonant  frequency)  were  the  parameters  used  to  evaluate 
the  characteristics  of  the  moonie  actuator.  "Die  cross  secuonal 
view  of  the  moonie  actuator  is  shown  in  Figure  1.  The 
dimensions  of  the  cavity  are  key  parameters  for  transform^on 
and  amplification  of  lateral  motion  into  axial  motion.  The  effect 
of  cavity  dimensions  on  the  characteristics  of  the  moonie  were 
studied  systematically  altering  the  cavity  diameter  Md  cavity 
depth  while  keeping  the  endcap  thickness  constant.  Concerns 
over  long  term  reliability  arose  because  of  the  bonding  layer 
between  the  ceramic  driving  element  and  the  metal  endcaps. 
Multilayer  moonie  actuator,  were  fabricated  with  epoxy  bonding 
agent  (Emerson  &  Cuming,  Eccobond  45LV)  and  tested  for 
long  term  usage  under  a  range  of  temperature  conditions. 

SAMPLE  PREPARATION  AND  MEASUREMENT 
TECHNIQUES 


taking  care  not  to  fill  the  cavity  or  short  circuit  the  electrodes. 
The  displacement  of  a  composite  actuator  at  0.01  Hz  was 
measured  with  a  Linear  Voltage  Differential  Transducer  (LVDT) 
having  a  resolution  of  approximately  0.05  pm.  Resonant 
frequencies  were  obtained  with  a  Hewlett-Packard  Impedance  / 
Gain-Phase  Analyzer  HP-4194A  or  Network  Analyzer  HP- 
3577  A  Mechanical  resonant  characteristics  were  studied  with  a 
double  beam  laser  interferometerl^l.  Fatigue  tests  of  the 
multilayer  moonie  actuator  were  performed  under  a  cyclic 
electric  field  of  \  kV/mm  with  triangular  wave  form  at  100  Hz, 
up  to  10'^  cycles,  at  room  temperature.  Temperature 
dependence  experiments  were  performed  in  the  range  of  -20  to 
+70  “C  . 
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Dimensions:  (all  in  mm)  Endcap  diameter,  dm=  12.7  mm 
PZT  diameter,  dp=  12.7  mm  Cavity  diameter,  dc=  variable: 
3.0,  5.0, 7.0, 9.0  Cavity  depth,  h=  variable;  0.3, 0.5, 0.7, 0.9 
Metal  cap  thickness,  tm=L0  PZT  thickness,  q>=  1.0 
Bonding  layer  thickness,  tb=  0.020 

Ftgure  1  The  cross  sectional  view  of  the  moonie  actuator 


EVALUATION  OF  THE  EFFECT  OF  GEOMETRY  ON  THE 
CHARACTERISTICS  OF  THE  MOONIE  TRANSDUCER 


Effect  of  Cavity  Depth  and  Diameter 


The  composite  actuators  were  made  from_  electroded  PZT- 
5A  or  multilayer  ceramic  disks  (11-12.7  mm  in  diameter  and  1 
mm  thick)  and  endcaps  (11-12.7  mm  in  diameter  with  thickness 
ranging  from  0.3  to  3.0  mm).  The  endcaps  were  machrned 
from  brass  with  composition  30%  Zn-70%  Cu.  The  ceramic 
disk  and  the  endcaps  were  bonded  together  around  the 
circumference  with  Emerson  &  Cuming  epoxy  (Eccobond  45), 


Brass  endcaps  with  3, 5, 7,  and  9  mm  cavity  diameters 
and  0.3,  0.5,  0.7,  and  0.9  mm  crescent  shaped  cavity  depths 
were  fabricated  by  matrix  combination  while  keeping  the 
thickness  constant  at  1.0  mm,  and  diameter  fixed  at  12.7  mm. 
Ftgutes  2  and  3  shows  the  relation  between  displacement-cavity 
diameter  and  cavity  depth.  The  displacement  amplification  is 
exponentially  related  to  the  cavity  diameter  of  the  endcaps  (at 
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Displacement  (pm) 


constant  cavity  depth)  and  lineariy  related  to  the  cavity  depth  (at 
constant  cavity  diameter). 


23456789  10 

Cavity  Diameter  (mm) 

Figure  2.  The  displacement-cavity  diameter  relation  of 
the  moonie  actuator 


cavitv  <ll4rwt«i!  (m m 


:S=l:8 


chows  an  inverse  relation  ivith  endcap  thickncM.  A  tnwnic 
shows  an  inve^  rem  endcap  exhibits  a  22  iim 

because  of  the  large  surface  area.  ,7, 

fbTthe  deviations  from  the  experimental  results. 
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Cavity  depth  (mm) 

Figure  3  The  displacement-cavity  depth  relation  of 
the  moonie  actuator 
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Figure  4.  The  displacement-endcap  thickness  relation  of 
®  the  moonie  actuator 


.  ..  Time  of  the  Moonie  Actuator 

Fastest  Response  Time  oj  »« 

•  *« _ 13 


D<K.bl.  ton,  ,U^ 

impedance  and  8*^:P‘*‘?“,“Jnii;troracchanical  resonant 

dcienninc  the  “cchanical  wd  dwwmec^^^^^^^ 

characteristics  of  the  “^L'^boOi  methods.  Because  of 
with  5%  accuracy  are  obtaineo  wiui  jjje 

easy  handling,  the  HP  Fastest  response  time-cavity 

slightly  witii  Seen  the  fastest  response  time 

Figure  6  shows  the  rel^on  lwWM  response  time 

and  endcap  ‘*'“^*“®“;rel?encies)  by  FEA  are  also  plotted  for 
proportional  to  brass  endcap  thickness. 
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^  Cavity  Diameter  (mm) 

4 

Figure  5.  Fastest  response  time-cavity  diameter  relation  of 
the  moonie  actuator 


Figure  6  Fastest  response  time-endcap  thickness  reladon  of 
the  moonie  actuator 

The  Effective  Coupling  Factor  of  Moonie  Transducer 
at  First  Flextensional  Mode 

The  effective  coupling  factor,  keff,  can  be  derived  from  the 
series  (resonant)  and  parallel  (antiresonant)  resonant  frequencies 
of  the  transducer  by  using  following  equations. 


^2 

‘•fr=  , 


(1) 


The  effective  coupling  factor  for  the  fust  resonance  mode  of 
moonie  actuators  with  varying  cavity  depth  and  cavity  diameters 
were  calculated  from  their  a&iittarKe  spectra.  Figure  7  shows 
the  calculated  eHective  coupling  factor  of  the  moonie  actuator  as 
a  function  of  the  cavity  diameter  at  various  cavity  depths.  The 
planar  coupling  factor  of  PZT-SA  disc  with  12.7  mm  diameter 
and  1.0  mm  thickness  is  around  0.65.  The  coupling  factor 
decreases  to  0.54  because  of  the' load  effect  when  the 
P2n'-5A  ceramic  disc  is  sandwiched  between  brass  endcaps 


which  have  no  cavities.  The  moonie  actuator  with  a  cavity 
diameter  of  3.0  mm,  and  a  cavity  depth  of  0.9  mm  has  the 
highest  effective  coupling  factor  of  0.42.  As  the  cavity  diameter 
increased,  the  effective  coupling  factor  decreased  lin^ly  down 
to  0.1 1  for  a  cavity  diameter  of  9.0  mm  with  a  cavity  depth  of 
0.3  mm.  Effective  coupling  factor  depends  heavily  on  the 
cavity  diameter  and  depend  a  much  lesser  extent  on  the  cavity 
depth. 
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Figure  7  Effect  of  cavity  diameter  on  the  effective  coupling 
factor  of  the  moonie  transducer  at  various  cavity  depths. 

Maximum  Generative  Force  of  the  Moonie  Actuator 

Although  the  flexural  motion  and  displacement  are  largest  at 
the  center  of  the  endcaps,  the  generative  force  is  low.  The 
position  dependence  of  displacement  is  shown  in  Figure  8  for 
the  moonie  actuator  with  0.30  ram  thick  brass  endcaps.  A 
displacement  of  about  22  pm  was  obtained  at  the  center  of  the 
moonie.  Displacement  decreases  dramatically  when  moving 
from  the  center  to  the  edge.  Conversely,  generative  force 
increases  when  moving  from  the  center  to  the  edge,  where  it 
approaches  that  of  PZT  ceramic.  Therefore,  it  becomes 
po^ble  to  tailor  the  desired  actuator  properties  by  changing  the 
contact  area  over  the  brass  endcaps. 


REUABUJTY  OF  THE  MOONIE  ACTUATOR 

The  bonding  layer  between  the  PZT  disk  and  metal  endcaps  ‘ 
plays  an  important  role  in  the  performance  of  the  moonie 
transducers.  The  reliability  of  the  moonie  transducers  depends 
suongly  on  the  chemical,  electrical  and  mechanical  stability  of 
the  bonding  layer.  Suong  bonding  will  assure  efficient 
mechanical  impedance  transformadon  and  long  term  reliability. 
To  investigate  the  characteristics  of  the  bonding  layer,  peel-up 
test,  fatigue  test,  temperature  dependence  test  were  ^rformed. 

Peel-up  test 

When  an  electric  Held  is  implied  to  the  moonie  in  the  z-direction, 
i.e.  the  polarization  direcuon  of  the  PZT  ceramic  disk,  there  are 
two  susses  on  the  bonding  layer.  One  is  a  shear  stress  along 
the  planar  direction,  the  other  is  a  tensile  stress  located  at  the  dp 
of  the  metal-ceramic  joining  point,  inside  the  cavity  of  the 
moonie.  A  modified  peel  up  test  was  used  to  provide  a 
quantitative  measure  of  the  tensile  strength  components  of  the 
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Maximum  Generative  Force  (N) 


■  Max.  GaaerallTa  Forca 


•  DkpUoamaat 
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admittance  spectrum  is  extremely  sensitive  to  any  d«^on  in 

the  bonding  K^d  to  sample  ^ 

it  is  used  as  a  nondestructive  test  method.  After  the  tanguc 
tests  no  significant  changes  were  observed.  The  tenant  mi 
S^nali^uencies  L  weU  as  their  peak  ampUtudes  were 
the  same  as  the  original  values. 


^  .4J  -2.5  -0.5  13  W  5-S 

Position  from  the  Center  of  the  Endcap 

Hgure  8  Trade-off  between  maximum  generative  force  and 
displacement 

various  bonding  materials  used  in  the  moonie  I?® 

peel-up  test  was  performed  in  order  to 

failure  that  begins  at  the  stress  concentrauon  up  at  the  boundary 

Thc”th^bOT^g  materials  used  in  des^ctive  testing  wre 
Emerson  &  Cuming  epoxy  (black  epoxy).  S 

epoxy  No.  3021  (conducuve  silver  epoxy),  * 

(or  indium  solder)).  Figure  9  shows  the  specimen  geo"^ 
iised  for  the  modified  peel  up  test  An  fostron  m^^cal  t«ttr 
with  suitable  sensitivity  and  specimen  clamping  ability  was  used 

^°^Rgure°l^^o^thc**appli^  force  at  which 

for  sUver  epoxy,  black  epoxy,  and  indium 

In  this  study  foTO  term  is  used  to  give  a  sense  of 

the  bonding  layer.  Maximum  strength  was  observed  for  the 

samples  fabricated  with  indalloy.  The  reason  of  this  a  the 

paru^al  dissolution  of  sUver  elwtrodc  Pf 

indium  alloy  into  the  gram  boundaries  into  me  Kel  wim 

optimum  wettabUity.  The  wett^Ujty  of  the  “>  ^ 

iiicreased  by  using  soldering  resm  The 

ahle  to  esublish  a  good  contact  between  the  brass  and  suver 

sSordSv^s^sii^^“ 

5ct.“suS  cj^xy  length”  [o^ 

$pproSmaSy‘5  JSS'inSeS'  i^th?  condS*  ejmxy 
Irhich  cause  s^  concentrations  in  certain  regions  and  so  lead 

to  Mure. 

Fatigue  Charaeteristies 

The  fatigue  characteristics  of  a  moonie  “tuator  with 
different  enikap  thicknesses  under  a  lugh  oyobc  c^c 
shown  in  Figuie  11.  An  electnc  field  of  1  kV/mm  at^  m 

““Sg: 

were  continued  for  10’  cycles.  The  reason  for  the  deviauon  is 
probably  due  to  the  effea  of  environmental 
S™thc  bonding  layer.  Before  and  after  the  cyclic  l«i.Ae 
Admittance  sjlctra  of  the  actuators  were  recorded.  The 
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Rgure  9  Sample  geometry  of  modified  peel-up  test 
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Rgure  10  Peel-up  strength  of  bonding  materials 

Temperature  Dependence  Of  Multilayer 
Moonie  Actuator 

t 

A  multilayer  piezoelectric  ceramic  can  aho  Be 
drivine  element  in  the  moonie  design  (referred  to  as  a 
muldlaver  moonie).  making  it  possible  to  decrease  the  nppb“J 
voSwiKSrifrc  hikh  displacement.  Even  highe 
dSSacement  values  can  be  obtained  by  stacking  mululayer 
moonies  togetherl21.  Multilayer  piezoelecmc  ceram  cs 
SS:-10.  Tokin  Co.)  with  lOOlira  layer  thickness  and  1.0 
mm  total  thickness  were  used  as  dnving  element  m  * 
multilayer  moonie  acmator.  The  effect  of  temperature  on  the 
displacement  of  a  multilayer  moonie 

AMA?"^BetwcSi^2?Md  +10  “C  significant  temperature 
dSent  bASJior  U  observed.  The  main  reason  for  this 
temperature  dependence  is  the  multilayer  piezoelectric  ceramic 
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itself.  The  temperature  characteristic  of  a  multilayer  ceramic 
was  measured  and  it  shows  similar  behavior  to  the  multilayer 
moonie  actuator  fabricated  with  the  same  multilayer  ceramic 
element.  A  secondary  reason  is  the  bonding  layer  between  the 
ceramic  and  the  metal  end  caps.  The  thermal  expansion 
coefficient  difference  between  the  brass  end  caps  ( Cu  70%,  Zn 
30%:  ISxlO'^  /°C  )I81  and  ceramic  (PCT  -  4x10"^  /®C)  causes 
thermally  induced  flextensional  displacement  By  choosing  a 
low  thermal  expansion  material,  e.g.  titanium,  titanium  alloys, 
stainless  steel  or  some  special  epoxy  compositions,  this 
problem  can  be  overcome. 


thickness)  can  be  summarized  as:  displacement  -22  pm, 
maximum  generative  force  -3  N,  response  speed  -50  psec. 
Moreover,  there  is  a  trade  off  among  these  criteria.  The 
moonie  actuator  can  give  displacements  of  20  to  greater  than 
100  pm,  maximum  generative  force  of  3  N  to  several  N’s,  and 
response  time  of  20  to  100  psec.  By  altering  some  of  the 
dimensions  on  the  moonie  design,  it  is  easy  to  t^or  an  actuator 
with  desired  •  properties.  Multilayer  moonie  shows  high 
reliability  for  long  term  usage;  less  than  0.1%  deviation  was 
observed  after  10^  cycles.  Modest  temperature  dependent 
behavior  was  observed  with  a  maximum  deviation  of  ±  15% 
when  cycled  between  -20  and  +70  °C. 
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Figure  1 1  Fatigue  characteristic  of  the  moonie  actuator 
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SUMMARY 

Displacement  of  the  moonie  actuator  is  approximately 
inversely  proportional  to  endcap  thickness,  exponentially 
proportional  to  the  cavity  diameter,  and  linearly  propoitional  to 
the  cavity  depth.  Response  time  of  the  moonie  actuator 
increases  with  increasing  cavity  diameter.  Moonie  shows 
position  dependent  behavior  with  maximum  displacement  at  the 
center  and  maximum  force  at  the  perimeter.  Desired  actuator 
properties  can  be  easily  tailored  by  changing  the  conuct  area 
over  the  endcaps.  The  properties  of  the  moonie  actuator  (12.7 
mm  in  diameter  with  0.3  mm  thick  end  caps,  -1.7  mm  in  total 
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ABSTRACT 

The  main  objective  of  this  work  was  to 
develop  a  new  type  of  actuator.  It  consists  of  a 
piezoelectric  ceramic  disk  or  multilayer  stack  and  two 
metal  end  plates  with  a  crescent-shaped  cavity  on  the 
inner  surface.  The  plates  are  used  as  mechanical 
transformers  for  converting  and  amplifying  the  lateral 
displacement  of  the  ceramic  into  a  large  axial  motion 
in  the  plates.  Both  d3i  and  d33  contribute  to  the  axial 
displacement.  Sizeable  strains  were  obtained  with  both 
PZT-metal  and  PMN-metal  actuators.  Displacement 
amplification  principle,  fabrication,  and  measurement 
results  are  presented. 

INTRODUCTION 

In  recent  years,  piezoelectric  and 
electrostrictive  ceramics  have  been  used  in  many 
actuator  applications.  The  two  most  common  types  of 
actuator  are  a  multilayer  ceramic  actuator  with  internal 
electrodes  and  a  cantilevered  bimorph  actuatorf^J.  A 
frame  structure  for  displacement  amplifier  in  impact 
printer  head  has  also  been  developed  using 
piezoelectric  multilayer  actuators 

This  paper  describes  a  new  type  of  ceramic- 
metal  composite  actuator  which  is  based  on  the 
concept  of  a  flextensional  transducert^J.  The  ceramic 
is  excited  in  an  extensional  mode  and  the  metal  plates 
in  a  flexure  mode.  The  metal  plates  arc  used  as  a 
mechanical  transformer  for  transforming  the  high 
mechanical  impedance  of  the  ceramic  to  the  low 
mechanical  impedance  of  the  ioad.  Therefore,  a  large 
effective  piezoelectric  coefficient,  d33,  exceeding 
4000  pC/N  as  well  as  a  hydrostatic  piezoelectric 
coefficient  dh,  exceeding  800  pC/N  can  be  obtained 
from  a  single  PZT  disk-metal  (brass)  composite^'*!. 

PRINCIPLE 

The  extensional  mode  of  the  piezoelectric 
ceramic  element  is  characterized  by  a  large  generated 
^orce,  a  high  electromechanical  coupling,  a  high 
isonant  frequency,  and  a  small  displacement.  Often  it 
s  desirable  t ;  use  a  compact  structure  to  magnify  the 
displacement  of  the  ceramic  element.  Figure  1  shows 
the  basic  configuration  of  the  ceramic-metal  composite 


actuator.  The  ceramic  clement  can  cither  be  a 
piezoelectric  ceramic  or  an  electrostrictive  ceramic 
with  single  layer  or  multilayer.  Low  driving  voltages 
can  be  used  for  the  multilayer  ceramic  clement.  The 
electrostrictive  ceramic  is  expected  to  reduce 
hysteresis  as  well  as  exhibit  a  nonlinear  relationship 
between  the  voltage  and  the  displacement. 

The  “Moonie”  metal  plates  are  used  as 
displacement  magnifiers.  The  relationship  between  the 
displacement  of  the  metals  and  the  geometry  of  the 
metals  and  the  ceramic  is  explained  below.  For 
simplicity,  consider  a  curved  beam  with  small 
curvature  bonded  to  a  ceramic  bar  (Figure  2). 
According  to  elastic  theory  (5),  the  bending  moment  M 
under  an  electroactive  force  from  the  ceramic  is  as  eq. 
(1): 


2  22  2  2  K  2 

-Trf(b  -a )  4a  b  (In^)  ] 

_ _ a 

T~2 

4[--?-  ^  In^h  In^ii  In^b'-a^j 
2  a  b  r 


(1) 


Fifart  2.  SlmpUHed  aiodcl  for  displacciiicnt  ma(niflcaIloa. 
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The  electroactive  force  will  be  transmitted  to 
the  Moonie  metal.  The  stress  in  the  metal  is: 


where 


piezoelectric  strain  coefficient  of 
the  ceramic, 

electric  field  in  the  ceramic. 
Young’s  modulus  of  the  ceramic, 
cross  sectional  area  of  the 
ceramic  and  metal,  respectively. 


The  normal  displacement  of  the  metal 
produced  by  the  piezoelectric  effect  of  the  ceramic  is: 


Lb 

P* 

2  Y  I 

^  *  m  *in 

hm 

s 

Ym 

V 

= 

= 

3  dY,de 


and  the  displacement  conversion  ratio  is: 

5  4L0Y„h„  (7) 

Equations  (3)  and  (6)  explain  how  the  normal 
displacement  U  of  the  metal  is  related  to  the  transverse 
piezoelectric  or  electrostrictive  effect  of  the  ceramic 
The  toml  displacement  is  the  sum  of  the  displacement 
described  above  and  the  displacement  due  to 
longitudinal  effects. 

Tlie  lowest  resonant  frequency  of  the  actuator 
is  a  flextensional  mode  which  is  determined  mainly  by 
the  stiffness  of  the  ceramic  in  a  planar  mode  and  the 
equivalent  mass  of  the  metal  plate.  The  equivalent 
mass  is  much  larger  than  the  real  mass  of  the  metal 
plate  because  the  vibration  velocity  of  the  metal  part  is 
much  larger  than  the  reference  velocity  of  the  PZT 
The  equivalent  mass  is 


j  jPnhh„.U 


2  2 
Q)  dX 


—  5  to 


2  2  2 
dcYjle 

',  2  2  2  2 

^eY^„ 


For  the  electrostrictive  effect: 


^ni  ~  Pm^m  ~  Pm  ^  i^m  ^ 

When  the  hc/hm  ratio  is  high  and  km  «  kg, 

the  resonant  frequency  of  the  lowest  flextensional 

mode  is: 


2  2 

QsEYeAe 


2K^|  (M.  +Me)(k,+  k„)' 


l+(27lf^  MJCe 


Q  s  electrostrictive  coefficient  of 

the  ceramic 
E  B  permittivity 

The  displacement  of  the  metal  by  the 
electrostrictive  effect  is  then: 


4h„h.Y„e 


The  transverse  displacement  at  the  end  of  the 
ceramic  bar  is: 


6  =  ^L 


2  2  2  2  * 


The  Mg  is  much  larger  than  the  real  mass  of  the  metal. 
Here  kgBstiffness  of  ceramic 

km=stiffncss  of  metal  plate 
fgsresonant  frequency  of  planar 
mode  of  the  ceramic  itself. 


2nY 

From  equation  (8)  the  lowest  flextensional  frequency 
fft  is  proportional  to  Vhn,- 
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SAMPLE  PREPARATION 

The  composite  actuators  were  made  from 
elcclroded  PZT5A  or  PMN-PT  ceramic  disks  (11  mm 
in  diameter  and  1  mm  thick)  and  brass  end  caps  (from 
11  mm  to  13  mm  in  diameter  with  thicknesses  ranging 
from  0.2  to  3  mm).  Shallow  cavities  from  6  mm  to  8.5 
mm  in  diameter  and  about  150  pm  center  depth  were 
machined  into  the  inner  surface  of  each  brass  cap.  The 
ceramic  disk  and  the  end  caps  were  bonded  around  the 
circumference,  taking  care  not  to  fill  the  cavity  or  short 
circuit  the  ceramic  electrodes.  Three  kinds  of  bonding 
materials  have  been  utilized: 


EXPERIMENT  RESULTS 

The  displacement  of  the  composite  actuator  in 
the  low  frequency  range  was  measured  with  a  Linear 
Voltage  Differential  Transdueer  (LVDT)  having  a 
resolution  of  approximately  0.05  pm.  The  direet 
piezoelectric  coefficient  633  was  measured  at  a 
frequency  of  100  Hz  using  a  Berlincourt  033  meter. 
The  displacement-frequency  dependence  was  measured 
with  a  double  beam  laser  interferometer.  Resonant 
frequencies  were  obtained  with  a  Hewlett-Packard 
Spectrum  Analyzer  (HP-3585A)  or  Network  Analyzer 
(HP-3577A).  ^ 


Silver  foil  (25  urn  thickne 
silver  paste  bonding 


This  composite  was  heated  to  600*C  under 
stress  to  solidify  the  bond.  After  cooling,  the  actuator 
was  encapsulated  using  Spurr’s  epoxy  resin,  followed 
by  curing  at  70’C  for  12  hours.  Electrodes  were 
-  attached  to  the  brass  end  caps  and  the  PZT  ceramic 
was  poled  at  2.5  MV/m  for  15  minutes  in  an  oil  bath 
held  at  120*C. 


The  PMN-PT  or  poled  PZT  and  the  brass  end 
caj)s  with  the  Pb-Sn-Ag  solder  ring  (thickness  50  pm) 
were  heated  to  190"C  under  pressure. After  cooling,  the 
composite  was  encapsulated  using  epoxy  resin. 


The  brass  end  caps  and  the  ceramic  were 
bonded  by  Emerson  &  Cuming  epoxy  resin  around  the 
'rim  at  room  temperature. 


An  clectrostrictive  actuator  was  made  from  a 
multilayer  ceramic  stack  and  a  brass  beam  and  bonded 
U)  the  Moonie  inner  surface  with  an  epoxy  (Figure  3). 
-This  composite  demonstrates  that  a  sizeable 
displacement  can  be  produced  under  low  driving 
voltage  using  a  multilayer  ceramic  stack.  • 


Figure  3.  Another  type  of  ceramic-melel  compoiite 
•ctntor  with  multileycrcd  ceramic  part. 


placement  Measurement 


Figure  4  shows  the  displacements  versus 
electric  field  curves  for  composite  actuators  driven  by 
PZT  and  PMN  ceramics.  Displacements  for  the 
uncapped  ceramics  are  shown  for  comparison.  PMN 
does  not  need  to  be  poled  because  it  utilizes  the 
electrostrictive  effect  rather  than  piezoelectricity. 
Dimensions  of  the  PMN  composite  sample  in  Figure  4 
are  as  follows:  d=13  mm,  dp=l  1  mm,  h=150  pm,  dc=6 
mm,  hp=l  mm,  and  hiii=0.4  mm.  The  dimensions  of 
the  PZT  composite- 1  sample  are:  d=dp=l  1  mm,  h=50 
pm,  dc=7  mm,  hp=l  mm,  and  hm=0.5  mm.  Both  of  the 
uncapped  PZT  and  PMN  ceramics  have  the  same  size, 
dp=ll  mm  and  hp=l  mm.  The  experimental  results 
show  that  the  composites  produce  a  strain 
amplification  of  about  10  times.  A  displacement  of 
about  1()  pm  can  be  obtained  under  a  field  of  1  kV/mm. 
By  loading  these  actuators  with  weights,  it  is  capable 
of  exerting  forces  in  excess  of  2  kgf. 

As  shown  in  Equation  3  and  Equation  6,  the 
displacement  amplification  is  dependent  on  the 
thickness  of  metal  hm  and  cavity  diameter  dc-  The 
sample  PZT  composite-2  with  dimensions  d=dp=  1 1 
mm,  hp=l  mm,  h=200  pm,  hni=0.3  mm,  and  dc=8.5 


0  200  400  too  too  tooo 


Electric  Field  (Y/mm) 

Figure  4.  Displacements  measured  for  composite 
actuators  driven  by  PZT  and  PMN 
ceramics.  Displacement  for  the  uncapped 
ceramics  arc  shown  for  comparison. 
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mm  exhibits  sizeabie  dispiacements  -  as  iarge  as  20 
pm  with  a  force  capabiiity  of  0. 15  kgf  (see  Figure  5). 


Electric  Field  (  zlOO  V/mm) 

Figure  5.  Displacement  vs.  field  curves  under 
different  ezerty  forces  for  the 
Mmple  PZT  composite>2. 

The  124  layer  electrostrictive  composite 
actuator  shown  in  Figure  3  gave  the  displacement 
exhibited  in  Figure  6.  More  than  15  pm  displacement 
can  be  obtained  under  an  applied  voltage  of  150V. 
Notice  that  this  experimental  result  is  obtained  with 
only  one  metal  end-cap  on  the  ceramic  stack.  If  the 
convex  or  concave  metal  end-caps  are  placed  on  both 
sides  of  the  ceramic  stack,  more  than  30  pm 
displacement  will  be  obtained  under  the  applied 
voltage  of  150V.  Displacements  for  the  uncapped 
multilayer  ceramic  in  the  same  direction  are  shown  for 
comparison.  The  lowest  flextensional  resonant 
frequency  for  the  composite  is  6.4  kHz. 


Applied  Volafc.  V 


Figure  6.  DispliccmenI  with  incrcisc  in  applied  vollagc 
of  ibe  muliilaycr  ceramic,  metal  composite 
acUialor  using  an  electrostrictive  ceramic  slack 
and  a  brass  end  cap. 


Z  Thickness  Denenrience 

Figure  7  shows  the  effective  d33  coefficient 
and  resonant  frequency  plotted  as  a  function  of  the 
brass  thickness.  As  expected  in  Eq.  (4)  and  Eq.  (8), 
the  effective  d33  is  proportional  to  l/h^,  and  the  lowest 
resonant  frequency  is  proportional  to  Vh^-  The  633 
values  were  measured  at  tlie  center  of  the  brass  end 
caps  using  a  Berlincourt  d33  meter.  Values  as  high  as 
4000  pC/N,  approximately  10  times  that  of  PZT5A, 
were  obtained  with  the  Moonie  actuator. 


O 

I 


Brass  Thickness  (mm) 


Figure  7.  Resonance  frequency  f^  and  djy  coefndent 
plotted  as  a  function  of  the  thickness  of  the 
brass  endcaps. 


Piezoelectric  effects  are  largest  near  the 
center  of  the  transducer  where  the  flexural  motion  is 
largest.  The  effective  values  measured  as  a  function  of 
position  with  a  Berlincourt  meter  are  shown  in  Figure 
8.  Plots  are  shown  for  two  brass  thicknesses  of  0.4  and 
3.0  mm.  Ample  working  areas  of  several  mm^  are 
obtained  with  the  actuators. 


Figure  8.  Positional  dependence  of  the  djy 
coefficient  for  two  actuators,  with 
brass  thickness  of  0.4  mm  and  3.0  mm. 
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5.  Creep 


3.  Resonant  Freouencv-Temperature 
Dependence 

The  lowest  flcxtensional  frequency  of  the  PZT- 
brass  composite  with  Pb-Sn-Ag  solder  bond  and  without 
epoxy  encapsulation  decreases  with  temperature  as 
shown  in  Figure  9.  This  is  probably  due  to  the  high 
stress  in  the  PZT  ceramic  arising  from  thermal  stresses 
set  up  by  the  metal. 


Figure  9.  Resooance  Frequency  ti.  Temperature 


4.  F.lectrode  Effect 

Figure  10  shows  the  effective  piezoelectric 
d33  coefficient  of  the  composite  increases  with 
electrode  area  of  PZT.  This  means  that  all  the  PZT  is 
contributing  uniformly  to  the  displacement. 


Figure  10.  Errective  dys  v(.  electrode  area  of  the  ceramic. 


Keeping  a  field  of  1  kV/mm  on  the  composite 
sample  with  epoxy  bonding  for  two  hours,  no 
displacement  change  was  observed  by  LVDT 
measurement  (see  Figure  1 1)  after  one  hour. 


Figure  11.  Creep  under  field  IKV/mm. 


CONCLUSIONS 

A  new  type  of  actuator  has  been  constructed 
from  piezoelectric  PZT  ceramics  bonded  to  metai  end 
caps.  Shallow  spaces  under  the  end  caps  produce 
substantial  increases  in  strain  by  combining  the  d3  3 
and  d3i  contributions  of  the  ceramic.  Even  larger 
displacements  were  obtained  using  PMN 
electrostrictive  ceramics. 

The  displacement  is  inversely  proportional  to  the 
metal  thickness. 

The  lowest  resonant  frequency  is  proportional  to 
the  square  root  of  the  metal  thickness. 

The  displacement  is  proportional  to  the  area  of  the 
driving  ceramic. 

The  creep  under  1  kV/mm  is  very  small  after  one 

hour. 

Further  improvements  in  actuator  performance  are 
expected  using  improved  materials  and  design.  Driving 
voltages  can  be  reduced  using  multilayer  ceramics, 
and  larger  displacements  can  be  obtained  using 
muitimoonie  stacks  (Figure  12). 
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Figure  12.  Illustration  of  Stacked  Composite. 
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COMPOSITE  ACTUATOR, 
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Abs^  A  piezMiectric  ceramic-metal  composite  actuator  has  been  develoneH  tr, 
amplify  the  displacement  of  the  piezoelectrircemmic.  In  this  sSure  the 

I  shallow  SvSs  ¥his  pS 

SysMFEAr'Iv  SIiTSa"  °h  transducer  using  finite  element 

the  disDlaSment  of  hf  ^nd  geometrical  contributions  to 

me  aispiacement  of  the  actuator  were  calculated.  The  effect  of  load  on  tho 

displacement  was  also  estimated.  It  was  found  that  the  displacement  of  the  actuator 
incr^s  with  cavity  diameter  and  depth,  and  that  introducing  aTg-ltd  or^^^^^^ 
on  the  metal  end  caps  of  the  actuator  greatly  enhances  the  displacement.  ^  ^ 


introduction 

A  piezoelectric  ceramic-metal  composite  actuator  has  been  developed  to  amplify  the 
displacement  of  a  piezoelectric  ceramic.  The  cross  section  of  the  moonie  actuator  is 
Illustrated  in  the  previous  paper  by  Dogan  et  al.  In  this  structure,  the  PZT  ceramic  is 
sandwiched  between  end  caps  with  shallow  cavities.  Typical  dimensions  of  these 
actuators  are  1 1  mm  in  diameter  and  2  mm  in  total  thickness.  The  depth  of  the  cavity  is 
about  0.1  to  0.2  mm.  The  PZT  and  metal  end  caps  arc  bonded  together  tightly  using 
epoxy.  By  applying  an  electric  field  to  the  moonie  actuator,  the  radial  motion  of  PZT 
ceramic  can  be  converted  into  ficxtensional  motion  creating  a  large  displacement. 

This  paper  describes  the  design  optimization  of  the  Oextensional  transducer  using 
finite  element  analysis  (FEA).  The  principal  factors  controlling  the  performance  of  the 
actuator  were  found  to  be  the  design  of  metal  end  caps  and  the  bonding.  Using  FEA.  the 
material  and  geometrical  contributions  to  the  displacement  and  generative  force  of  the 
actuator  were  calculated.  Load  effects  on  the  displacement  were  also  estimated.  Based  on 
the  modeling,  changes  in  cap  thickness  and  cavity  size  produced  large  effects  on  the 
displacement.  It  was  also  found  that  the  displacement  of  the  actuator  increases  with  cavity 
diameter  and  depth,  and  that  introducing  a  ring-shaped  groove  on  the  metal  end  caps  of 
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the  actuator  greatly  enhances  the  displacement.  Finally,  the  displacement  and  generative 
force  obtained  experimentally  were  fitted  to  those  calculated  by  FEA. 

FEA  Modeling 

Two  commercially  available  FEA  programs  (ANSYS  and  SAP90)  were  used  for  this 
study.  For  frequency  response  analysis,  the  relationship  between  admittance  and 
frequency  was  calculated  using  3-D  axisymmetric  piezoelectric  elements  in  ANSYS.  In 
the  displacement  analysis,  the  relationship  between  displacement  and  applied  electric  field 
was  calculated  using  2-D  axisymmetric  elements  in  SAP90.  Each  model  was  divided  into 
three  parts:  the  end  cap,  the  PZT  ceramic,  and  the  bonding  layer.  Material  parameters 
used  in  this  analysis  were  Young's  modulus,  density,  Poissons'  ratio,  piezoelectric 
constants,  and  dielectric  constants. 

CALCULATED  AND  EXPERIMENTAL  RESULTS 
(D  Frequency  rescwnse  of  a  moonie  actuator 

From  the  frequency  response  analysis,  the  lowest  three  resonant  frequencies  were 
calculated.  Figure  1  shows  admittance  spectrum  of  the  moonie  plotted  as  a  function  of  the 
frequency  from  10  to  300  kHz.  Three  resonance  peaks  appear  at  50,  187,  and  210  kHz, 
corresponding  the  lowest  three  flextensional  vibration  modes.  The  first  flextensional 
mode  can  be  effectively  utilized  up  to  nearly  50  kHz.  Based  on  these  results,  the  coupling 
coefficient  of  the  first  mode  was  calculated  as  20%. 


FrequciK)'  (kHz) 


FIGURE  1  Calculated  admittance  curve  of  the  1 1  mm  moonie  actuator 
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Figure  2  compares  the  first  resonant  frequencies  calculated  by  FEA  with  those 
obtained  experimentally,  for  a  range  of  brass  cap  thicknesses.  Excellent  agreement  was 
obtained.  The  first  resonant  frequency  is  approximately  proportional  to  the  square  root  of 
the  brass  cap  thickness. 


Bran  thkkficM  (mm) 


FIGURE  2  Calculated  and  measured  first  resonant  frequencies  of  the  moonie  actuator 
(2)  Geometrical  control  of  displacement  for  a  moonie  actuator 

Figure  3  shows  calculated  displacement  contour  of  the  upper  cap  of  a  moonie  actuator 
under  an  applied  electric  field  of  1  kV/mm.  The  maximum  displacement  of  4.5  pm 


appears  at  the  center  of  the  moonie  cap  and  gradually  decreases  toward  the  edge.  The 
displacement  profile  of  the  moonie  actuator  corresponds  to  the  effective  das  profile 


FIGURE  3  Calculated  displacement  contour  of  the  upper  cap  of  a  moonie  actuator 


Dispitetment  (um) 
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Figures  4  show  the  effect  of  geometry  on  displacement.  The  four  variables  arc  cap 
thickness,  cavity  size,  cavity  depth,  and  bonding  thickness.  Displacement  decreases 
markedly  with  cap  thickness  and  is  inversely  proportional  to  the  brass  cap  thickness 
(Figure  5).  Cavity  diameter  and  cavity  depth  also  affect  the  displacement.  By  increasing 
cavity  size  and  cavity  depth,  displacement  increases  almost  linearly.  On  the  other  hand, 
the  thickness  of  the  bonding  layer  has  very  little  effect  on  the  displacement  in  the  range 
from  5  to  100  pm.  In  practice,  the  moonic  has  about  10  to  20  pm  thick  bonding  layer. 


70  7S  80  85  90  95  100  0  20  40  60  80  100  120 


Civil)’  silt :  dc  /dp  «  100  (%)  Bonding  liycr  thickness  ( pni) 

FIGURE  4  Effect  of  cavity  diameter  (left)  and  bonding  layer  thickness  (right)  on  the 
displacement  of  the  moonie  actuator 

Figure  5  compares  the  displacement  calculated  by  FEA  with  those  obtained  by 
experiment,  and  plotted  as  a  function  of  the  brass  thickness.  This  actuator  is  made  of 
PZT-5,  brass  caps,  and  epoxy  bonding  with  20  pm  thickness.  There  is  very  good 
agreement  in  displacement  between  the  calculated  and  experimental  values. 


FIGURE  5  Calculated  and  measured  displacements  of  the  moonie  actuator 
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In  order  to  enhance  the  displacement  of  the  moonie  actuator,  some  modifications  of 
the  cap  design  were  considered.  It  was  found  that  introduction  of  a  groove  on  the  caps 
enhanced  the  displacement  markedly.  To  determine  the  effect  of  the  groove  on 
displacement,  the  locations  and  dimensions  of  the  groove  were  altered.  Figure  6 
compares  the  effect  of  groove  position  on  the  displacement  (the  maximum  displacement 
is  shown  at  the  left  side  of  each  deformed  shape)  where  gp,  gj,  and  g,^  are  the  groove 
position,  groove  depth,  and  groove  width,  respectively. 

The  most  effective 


position  of  the  groove  is 
just  above  the  edge  of  the 

•'  °  4.20  iim 

inner  cavity.  In  this  case,  a 
doubling  of  displacement 
(8.86  pm)  was  observed. 


Also  the  depth  of  the  groove 
is  important  in  enhancing 
the  displacement.  The 
deeper  the  groove,  the 
higher  the  displacement.  A 
displacement  (12  pm)  three 
times  higher  than  the 
original  is  observed  on  the 
deepest  grooved  moonie. 


FIGURE  6  Groove  positional  effect  on  the 

displacement  of  the  moonie  actuator 


Effect  of  cap  material  effect  on  the  displacement  of  a  moonie  actuator 


Cap  material  partially  controls  the  displacement  of  a  moonie  actuator.  Four  different  cap 
materials  stainless  steel,  brass,  bronze,  and  plastic  were  selected  for  modeling.  It  was 
found  that  the  higher  the  elastic  stiffness,  the  lower  the  displacement.  A  plastic  capped 
moonie  actuator  produces  about  30  pm  at  a  cap  thickness  of  0.3  mm. 


(41  Load  effect  on  displacements  of  a  moonie  actuator. 

Normally  the  displacement  decreases  when  a  load  is  applied  to  the  actuator.  A  moonie 
actuator  also  decreases  under  load,  but  shows  rather  peculiar  behavior.  Figure  7 
compares  the  displacement  proHles  of  the  exterior  surface  of  the  moonie  when  four 
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different  loads  are  applied  over  an  area  of  3  mm^  under  an  applied  E-field  of  1  kV/mm. 
By  increasing  the  load,  the  center  displacement  is  suppressed  gradually,  and  the  center  is 
no  longer  the  maximum  displacement  point.  The  calculated  load  carrying  capability  of  the 
moonie  is  300  gf.  for  the  effective  working  area  of  3  mm^  which  corresponds  to  stress 
level  of  10  kg/cm^. 


* 


DistaiMc  from  the  center  (mm) 


FIGURE  7  Calculated  displacement  profile  on  the  exterior  surface  of  the  moonie 
actuator  under  the  application  of  four  different  load 


SUMMARY 


1.  Based  on  the  frequency  response  analysis  on  die  moonie  actuator : 

(1)  calculated  resonant  frequencies  agreed  well  with  the  experimental  results. 

(2)  a  coupling  coefficient  of  the  first  mode  was  calculated  as  0.2. 

2.  Based  on  the  displacement  analysis  of  the  moonie  actuator : 

(1)  Among  changeable  geometrical  parameters  of  the  moonie  actuator, 

(a)  larger  cavity  diameter  and  higher  cavity  height  lead  to  higher  displacement 

(b)  thinner  cap  lead  to  higher  displacement 

(c)  thickness  of  the  epoxy  bonding  layer  had  little  effect  on  the  displacement 

(d)  Introduction  of  a  groove  on  the  caps  above  the  bond  edge  enhanced  the 
displacement 

(2)  The  higher  the  stiffness  of  the  cap  material,  the  lower  the  displacement  of  the 
moonie. 

(3)  The  calculated  maximum  load  (300  gf.)  at  the  effective  working  area  of  3  mm^ 
agreed  with  that  obtained  by  extrapolation  of  the  experimental  curve. 
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Atetract  A  ceramic-metal  composite  flextensional  transducer  has  been  developed  which 
integrates  both  sensing  and  actuating  functions  into  a  single  device  for  the  purpose  of 
suppressing  low-level  vibration  noise.  This  prototype  sensor/actuator  composite  is 
capable  of  detecting  and  completely  suppressing  in  real  time,  small  (<lpm)  vibration 
displacements  with  low  (<100gf)  forces.  The  dynamic  frequency  range  of  the  device 
spans  from  lOOHz  to  at  least  2500H2.  The  actuator  portion  of  the  composite  consists  of 
a  standard  (1 1mm  diameter,  3mm  thick)  “moonie”  transducer.  The  sensor  is  a  separate 


piece  of  piezoceramic,  0.1mm  thick,  imbedded  within  the  surface  of  the  actuator. 
Vibrations  are  detected  by  the  sensor,  then,  via  a  feedback  loop,  the  vibration  noise  is 
suppressed  by  the  actuator.  Potential  applications  for  this  device  include  active  optical 
systems,  rotor  suspension  systems,  and  other  low-level  vibration  suppression  devices. 


INTRODUCTION 

The  elimination  of  vibration  noise  has  achieved  considerable  attention  in  recent  years,  both 
on  the  macroscopic  (smart  shock  absorbers)  and  microscopic  (active  optic  systems)  scale. 
The  fundamental  parameters  that  must  be  considered  for  a  vibration  control  device  are  its 
response  time,  as  well  as  the  force  and  vibration  displacement  amplitude  that  it  must  be  able 
to  cancel.  Once  these  criteria  have  been  met  for  a  particular  application,  it  then  becomes 
advantageous  to  reduce  costs  by  miniaturizing  and/or  reducing  the  power  delivered  to  the 
device. 

Multilayer  piezoelectric  actuators  have  seen  extensive  use  as  vibration  control 
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devices  because  of  their  large  generative  forces,  high  precision,  and  quick  response  time. 
Unfortunately,  large  driving  voltages  are  necessary  to  achieve  displacements  of  several 
microns.  By  sandwiching  a  multilayer  actuator  between  two  moonie  endcaps,  the 
displacement  is  amplified,*’^  thereby  making  it  possible  to  reduce  the  driving  voltage^  or 
reduce  the  size  of  the  device.  The  response  time  is  only  slightly  slower. 

Using  this  information,  it  became  our  objective  to  fabricate  a  vibration  control 
device  based  on  the  moonie  actuator.  In  order  to  produce  the  most  efficient  device,  the 
sensing  and  actuating  functions  were  integrated  into  a  single  composite.  The  design  is 
shown  in  Figure  1.  The  actuator  portion  of  the  prototype  device  consists  of  the  standard 
moonie,  1 1mm  in  diameter  and  3mm  thick.  The  sensor  is  a  separate  piece  of  piezoceramic 
(PZT),  0.1mm  thick,  which  was  imbedded  within  the  upper  endcap.  The  sensor  detects 
sinusoidal  vibrations,  as  shown  in  the  Figure  1,  then  via  a  feedback  loop,  sends  a  signal  of 
appropriate  amplitude  and  phase  back  to  the  actuator  so  that  the  latter  effectively  cancels  the 
external  vibration. 


FIGURE  1  Integrated  sensor  and  actuator 


VIBRATION  CONTOL  RESULTS 

The  ability  of  the  moonie  actuator  to  actively  control  external  vibrations  was  determined  by 
adhering  the  device  atop  a  vibrating  multilayer  actuator  of  known  frequency  and 
displacement  amplitude.  The  dynamic  frequency  range  of  the  sensor  was  found  by 
applying  a  sinusoidal  AC  field  to  the  moonie  actuator  and  observing  the  resulting  vibration 
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signal  on  an  oscilloscope.  The  response  remained  relatively  flat  between  100  and  6000Hz. 

The  data  in  Figure  2  show  that  the  integrated  sensor/actuator  device  can  indeed  be 
used  to  cancel  external  vibrations.  The  horizontal  axis  shows  the  IkHz  electric  field  applied 
to  the  moonie  actuator  when  the  field  applied  (at  IkHz)  to  the  multilayer  vibration  source 
was  either  75V/mm,  125V/mm,  or  250V/mm.  The  vertical  axis  shows  the  corresponding 
net  vibration  signal  amplitude,  which  comes  from  the  sum  of  the  multilayer  and  moonie 
vibrations.  The  results  show  that  whenever  the  applied  field  and  phase  shift  into  the  moonie 
are  adjusted  to  the  appropriate  magnitude,  the  net  vibration  signal  goes  to  zero,  indicating 
that  the  integrated  sensor/actuator  device  has  effectively  cancelled  the  external  vibration. 
The  reason  the  phase  shift  is  T  rather  than  the  expected  180°  was  due  to  the  polarization 
direction  of  the  sensor  being  opposite  that  of  the  actuator. 


0  10  20  30  40 


electric  field  applied  to  moonie  (V/mm) 

FIGURE  2  Net  sensor  signal  response  as  a  function  of  electric  field  applied  to  the 
multilayer  vibration  source  at  a  fiequency  of  IkHz 

Figure  3  shows  how  the  net  vibration  signal  amplitude  changes  with  phase  shift 
when  the  applied  field  to  the  multilayer  is  125V/mm  and  the  field  applied  to  the  moonie  is 
7.05V/mm.  These  data  show  that  when  the  phase  shift  between  the  two  fields  is  slightly 
greater  than  0° ,  the  moonie  and  multilayer  vibrations  have  the  same  displacement  amplitude 
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FIGURE  3  Sensor  signal  response  as  a  function  of  phase  shift  of  the  electric  field 

applied  to  the  moonie 


and  are  exactly  180°  out-of-phase,  resulting  in  no  net  vibration  signal. 

Figure  4  shows  the  appUed  electric  Held  and  phase  shift  (feedback  signal)  needed  to 
be  supplied  to  the  moonie  actuator  in  order  to  cancel  the  external  vibration  over  the  shown 
frequency  range  when  the  field  applied  to  the  multilayer  was  75V/mm.  Figure  5 
superimposes  the  subsequent  sensor  signal  amplitude  detected  from  the  multilayer  vibration 
source  both  with  and  without  the  feedback  signal  activated.  These  data  show  that  when  the 
feedback  field  given  in  Figure  4  is  activated,  the  multilayer  vibration  signal  can  be 
completely  suppressed  over  this  entire  frequency  range.  The  reason  2500Hz  was  chosen  as 
the  cut-off  frequency  was  the  inability  to  prevent  “ultrasonic  floating”  (which  arose  from 
incomplete  coupling)  by  the  moonie  atop  the  multilayer  at  higher  frequencies. 

The  minimum  and  maximum  electric  fields  into  the  moonie  actuator  for  which  the 
sensor  signal  remained  sinusoidal  were  200m V/mm  and  370V/mm,  respectively,  and  were 
independent  of  frequency.  These  fields  thus  defme  the  dynamic  displacememt  range  that  the 
sensor  is  capable  of  detecting  as  being  between  0.3Snm  and  0.6Spm  (as  calculated  by  fmite 
element  analysis).^ 

The  external  force  that  the  integrated  sensor/actuator  could  detect  was  estimated 
from  the  output  voltage  of  the  sensor  (Equation  1).  Since  the  sensor  was  bonded  to  the 
actuator,  it  was  assumed  that  gjj  and  g32  provided  the  major  contribution  to  the  output 
voltage.  Also,  since  the  sensor  was  square  in  shape,  it  was  further  assumed  that  g3i=g32- 
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FIGURE  4  Field  and  phase  shift  applied  to  the  moonie  actuator  needed  to  cancel  the 
external  vibration  when  the  field  applied  to  the  multilayer  vibration  source  is  75V/mm 


> 

B 

«> 

"O 

3 


n 

c 

,00 

’£3 

o 

(A 

c 


FIGURE  5  Sensor  signal  response  both  with  and  without  the  feedback  circuit  activated 
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where  F  =  force  detected  by  the  sensor  =  output  voltage  from  the  sensor 

t  =  thickness  of  the  sensor  =  piezoelectric  charge  coefficient 

A  =  area  of  the  sensor 


It  was  further  assumed  that  the  maximum  and  minimum  force  detected  arose  from  the 
maximum  and  minimum  electric  fields  reported  previously.  Table  I  provides  a  list  of  the 
values  used  for  these  calculations. 


TABLE  I  Values  used  to  calculate  force  detected  by  the  sensor  at  a  frequency  of  1  kHz 


sensor  area  =  6.25  X  m^  sensor  thickness  =  1  X  10-^  m 

g3,  =  -12.4x10-3  Vm/N 

=  340mV  (VouO„:„  =  0.2mV 


Therefore  Fmax  =  0.85N  »  85gf  and  Fmin  =  0.5 mN  *=  0.05gf.  The  reason  for  these  rather 
small  values  is  due  to  the  sensor  being  located  over  the  center  of  the  cavity,  which  is  the 
region  of  minimum  generative  force  for  the  device.^ 

Lastly,  the  response  time  of  the  device,  20psec,  was  estimated  from  the  resonance 
frequency  of  the  actuator,  50kHz. 
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Millimeter-sized,  hollow  spheres  of  lead  zirconate  titanate 
were  fabricated  by  blowing  gas  through  a  fine-grained 
slurry  of  PZT-5.  After  they  were  sintered,  the  spheres  were 
poled  in  two  ways:  radially  between  inside  and  outside  elec¬ 
trodes,  and  tangentially  between  two  outside  electrodes. 
The  capacitance  and  vibration  modes  were  modeled  and 
measured  for  these  two  poling  configurations.  The  two  prin¬ 
cipal  modes  of  vibration  were  a  breathing  mode  near  700 
kHz  and  a  wall  thickness  mode  near  10  MHz.  These  spheres 
have  potential  uses  in  medical  ultrasound,  nondestructive 
testing,  and  low-density  transducer  arrays. 

1.  Introduction 

Lead  zirconate  titanate  (PZT)  has  been  a  standard 
piezoelectric  material  for  the  past  40  years.'  PZT  and  its 
doped  derivatives  are  widely  used  because  of  their  large  elec¬ 
tromechanical  coupling  coefficients,  temperature  stability,  and 
high  resistance  to  depolarization  from  mechanical  stress  and 
high  driving  voltages.  During  the  past  few  years,  a  number  of 
development  programs  have  been  initiated  on  polymer-ceramic 
and  metal-ceramic  composites,  fibers,  multilayer  actuators,  and 
flextensional  transducers  based  on  the  solid  solutions  of  PZT. 

Current  research  on  piezoelectric  sensors  and  actuators  is 
moving  toward  miniaturization  to  achieve  better  resolution  and 
high  power  densities.  High  resolution  and  small  sizes  are 
needed  in  applications  such  as  biomedical  ultrasound,  probes 
for  invasive  procedures,  flow  noise  studies,  and  nondestructive 
evaluation  of  composites. 

Higher  frequencies  and  better  acoustical  impedance  matches 
are  advantageous  in  underwater  transducers  and  biomedical 
ultrasonics.  Tiny  hollow  spheres  meet  both  of  these  criteria.  In 
this  paper,  we  describe  a  way  of  making  and  poling  piezoelec¬ 
tric  hollow  spheres,  with  preliminary  results  on  their  dielectric 
and  piezoelectric  properties. 

II.  Preparation  of  PZT  Hollow  Spheres 

Thin-wall  piezoelectric  hollow  spheres  are  produced  using  a 
process  developed  in  the  Materials  Science  and  Engineering 
Department  at  the  Georgia  Institute  of  Technology"  based  on 
theTorobin  patent.’  Slurries  containing  PZT-501-A  (Ultrasonic 
Powders,  Inc.)  powder  are  injected  through  a  coaxial  nozzle 
with  air  passing  through  the  center.  The  slurry  exits  the  nozzle 
in  a  hollow  cylindrical  form  that  closes  from  surface  tension 
and  hydrostatic  forces.  The  inner  air  pressure  inflates  the  bubble 
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until  the  inner  .sphere  pressure  equals  the  hollow  cylinder  pres¬ 
sure.  At  this  critical  pressure,  the  bubble  closes  and  breaks  free. 
A  fluid  dynamic  model  for  this  process  has  recently  been 
developed.'" 

The  process  is  highly  adaptable  in  composition  because  of 
slurry  processing  and  produces  large  quantities  of  monosized 
hollow  spheres  with  relatively  uniform  wall  thickness.  The  uni¬ 
formity  in  the  process  results  in  diameter  variations  of  less  than 
±5%,  spherodicity  of  ±4%,  and  bulk  density  variations  of 
±6%.  Diameters  can  be  uniformly  varied  from  1  to  6  mm.  and 
wall  thickness  typically  varies  from  .30  to  100  |xni.'  Bonded 
spheres  of  alumina  and  mullite  have  found  applications  in 
refractories,  burners,  vacuum  insulation,  and  low-density  cast¬ 
ables.*  Metal  spheres  and  foams  have  also  been  fabricated  and 
characterized,’  but  hollow  piezoelectric  spheres  are  described 
here  for  the  first  time. 

PZT-5  spheres,  produced  from  a  slurry,  had  a  diameter  of  .3. 1 
mm  in  the  green  state.  The  liring  process  consisted  of  binder 
burnout  at  600°C,  followed  by  sintering  at  I285°C  for  4  h.  A 
16%  radial  shrinkage  was  ob.served  during  firing.  The  effective 
density  of  the  fired  sphere  was  1 .33  g/cm’,  including  the  hollow 
center.  The  wall  had  a  dense  mierostructure,  shown  in 
Fig.  1(A).  with  an  average  grain  size  of  2.5  p.m.  The  wall  thick¬ 
ness  of  the  fired  ceramic,  measured  using  environmental  scan¬ 
ning  electron  microscopy  (SEM),  as  shown  in  Fig.  1  (B),  ranged 
from  45  to  100  p,m. 

Two  poling  configurations  were  investigated:  radial  poling 
and  external  top-to-bottom  poling.  Electroding  the  inside  of  the 
sphere  was  neces.sary  to  pole  in  the  radial  direction.  A  350-p.m 
circular  hole  was  drilled  in  the  wall  such  that  silver  electrodes 
could  be  injected  into  the  sphere.  The  outside  surface  was  also 
coated,  using  air-dry  silver  paint,  leaving  a  small,  uncoated 
region  around  the  hole,  as  shown  in  Fig.  2(A).  The  spheres  were 
poled  radially  using  an  electric  field  of  25  kV/cm.  Volatile  insu¬ 
lating  oil  was  u.sed  to  fill  the  sphere  through  the  350-p,m  hole. 
Therefore,  radial  poling  was  conducted  at  room  temperature  to 
reduce  oil  loss.  The  two  principal  vibration  modes  associated 
with  this  configuration  were  a  volumetric  expansion  or  breath¬ 
ing  mode  and  a  wall  thickness  mode  at  a  much  higher 
frequency. 

Top-to-bottom  poling  was  accomplished  using  silver  caps  on 
opposite  sides  of  the  sphere,  as  shown  in  Fig.  2(B).  The  caps 
were  separated  by  an  unelectroded  region.  This  gap  was  varied 
in  size  from  0.5  to  2.0  mm.  Approximately  25  kV/cm  at  an  ele¬ 
vated  temperature  of  1 10°C  was  used  for  poling  in  this  config¬ 
uration.  depending  on  the  size  of  the  electrode  caps.  The 
principal  mode  under  investigation  here  was  the  distortion  of 
'he  sphere  to  an  ellipsoidal  shape. 

III.  Results  and  Discussion 

The  capacitance  and  resonance  frequencies  were  modeled 
and  measured  for  radial  poled  spheres.  A  typical  capacitance  of 
900  pF  was  measured  on  an  impedance  analyzer  (Model  HP 
4192a,  Hewlett-Packard  Co.,  Palo  Alto,  CA)  at  10  kHz  and 
0.10  V.  The  following  spherical  capacitor  model  was  used: 


1669 


Communicalions  oj  the  American  Ceramic  Society 


Vol.  77,  No.  6 


1670 


Fig.  I.  SEM  micrographs  depicting  (A)  the  dense  niicrostructure  of  the  sphere  walls  (bar  =  5  p,m)  and  (B)  wall  thickness  approximation  (bar  =  20 
p.m,  wall  thickness  =  49.6  p,m).  Grain  sizes  averaged  2.5  p,m  in  diameter. 


Fig.  2.  Electrode  design  for  (A)  the  radial  poling  configuration  show¬ 
ing  the  small  uncoated  ring  used  to  separate  the  inner  and  outer  coating, 
and  (B)  the  electrode  configuration  for  top-to-bottom  poling.  Shaded 
areas  represent  the  air-dry  silver  coating. 


where  r,  and  /  ^  are  the  inside  radius  and  outside  radius,  respec¬ 
tively.  The  capacitance  was  calculated  to  be  ~3000  pF.*  The 
difference  in  the  measured  and  calculated  values  was  attributed 
to  the  hole,  the  size  of  the  unelectroded  ring,  and  the  difficulty 
in  electroding  the  interior  surface  of  the  sphere. 

The  fundamental  mode  for  vibration  in  the  sphere  is  the 
breathing  mode,  with  a  volumetric  expansion  and  contraction. 
The  resonance  frequency  of  this  mode  is  given  by  the  relation" 

_ 

2'7Tfl\^p(5,|  4-  5,2) 

where  a  is  the  average  radius,  p  the  density,  and  the  tensor 
components  of  compliance.  This  equation  predicts  the  breath¬ 
ing  mode  resonance  frequency  to  be  ~600  kHz.* 

In  addition  to  the  breathing  mode,  a  wall  thickness  mode  was 
also  observed.  This  mode  was  described  by  the  relation 

/=lf  ^ 

2/\p(s,,  -E  s,2) 

where  t  is  the  thickness  of  the  sphere  wall.''  When  an  average 
thickness  of  90  p,m  was  used,  the  thickness  mode  was  calcu¬ 
lated  to  be  14.5  MHz.* 


♦Values  used  in  these  calculations  are  available  in  Ref.  8  and  are  as  follows:  e,  = 
l7(X),p  =  7.7g/cin',s„  =  16.4  X  lO-’^mVN.s,,  =  -5.72  X  10  "  mVN.  The 
dimensions  of  the  sphere  are  as  follows:  r,  =  I..i0  mm.  r,  =  1.21  mm.  and  I  =  90 
p.m. 


The  resonance  frequencies  were  observed,  using  a  network 
analyzer  (Model  HP3577A,  Hewlett-Packard).  The  fundamen¬ 
tal  mode  or  breathing  mode  resonance  and  antiresonance  fre¬ 
quencies  for  radial  poling,  shown  in  Fig.  3(A).  were  located  al 
675  kHz  and  706  kHz.  respectively.  Using  the  relation" 


the  planar  coupling  factor  (Ap)  was  calculated  10  be  0.30. 
Because  of  electroding  problems,  this  value  was  smaller  than 
the  bulk  value  of  0.60." 

The  thickness  mode  resonance,  depicted  in  Fig.  3(B),  appears 
at  — 12  MHz.  This  resonance  peak  is  broadened  due  to  nonuni¬ 
formity  in  the  thickness  of  the  wall.  Discrepancies  between  the 
calculated  and  measured  values  result  from  the  electrode  prob¬ 
lems,  the  presence  of  a  hole  in  the  sphere,  and  deviations  from  a 
perfect  shape.  The  breathing  and  thickness  mode  resonant  fre¬ 
quencies  are  reproducible  to  within  ±5.0%  and  can  be  shifted 
to  higher  or  lower  frequencies  by  changing  the  wall  thickness  or 
the  diameter  of  the  sphere. 

The  capacitance  of  the  top-to-botlom  poling  configuration  is 
modeled  using  a  cylindrical  tube  approximation: 


C  =  e,e„ 


TTf(/-2  +  /•,) 


(5) 


where  t  is  the  wall  thickness  and  d  the  distance  between  the  top 
and  bottom  electrodes.  The  calculated  values,  9  to  1 1  pF,  are  in 
fair  agreement  with  the  measured  values  of  5  to  8  pF.*  The.se 
values  are  highly  dependent  upon  electrode  size  and  uniformity. 

After  the  samples  were  poled,  the  effective  d  coefficient  was 
measured  on  a  Berlincourt  meter.  Typical  values  range  from 
500  to  600  pC/N.  These  values  are  larger  than  either  r/„  or 
for  PZT-5.  The  geometry  of  the  sphere  accounts  for  this  differ¬ 
ence  by  providing  a  mix  of  t/,,  and  d„.  The  admittance  spec¬ 
trum  for  these  samples  measured  from  100  kHz  to  2.2  MHz 
(Fig.  4(A))  shows  an  active  material  with  resonances  of  approx¬ 
imately  200  kHz,  290  kHz,  650  kHz,  700  kHz,  1  MHz,  and  2 
MHz.  The  nature  of  the  modes  at  200  and  290  kHz  is  believed 
to  be  the  ellipsoidal  distortion,  with  the  1  -MHz  peak  being  the 
third  harmonic.  This  ellipsoidal  mode,  centered  at  ~245  kHz, 
has  a  split  peak,  resulting  from  a  nonuniform  diameter.  An 
oval-shaped  sample,  with  differences  associated  with  the  major 
axis  and  minor  axis  dimensions,  results  in  the  splitting  of  the 
resonance  peaks  to  two  resonances.  The  first  of  the  two  peaks 
represents  the  larger  diameter.  A  more  uniform  sphere  shows  a 
single  resonance  at  247  kHz,  demonstrating  the  disappearance 
of  the  splitting  phenomena.  The  resonances  al  650  and  700  kHz 


Fig.  3.  Admittance  spectra  showing  (A)  the  fundamental  or  breathing  mode  resonance  for  a  radially  poled  sphere  and  (B)  the  thickness  mode  reso¬ 
nance  observed  for  a  radially  poled  sphere  having  an  average  wall  thickness  of  75  p,m  and  a  diameter  of  2.6  mm. 


are  believed  to  be  the  same  breathing  mode  or  volumetric 
expansion  observed  in  the  radial  poling  configuration.  A  wall 
thickness  mode  also  appears  at  a  frequency  of  9  MHz,  as  shown 
in  Fig.  4(B).  The  resonant  characteristics  for  the  top-to-bottom 
poling  are  highly  dependent  on  the  uniformity  of  sample  shape 
and  the  size  of  the  electrodes.  Each  sample  tested  shows  the 
same  resonance  characteristics  with  only  slight  differences  in 
amplitude  (less  than  10%)  and  position  (less  than  6%). 

IV.  Potential  Applications 

The  hollow  spheres  of  PZT  have  good  dielectric  and  piezo¬ 
electric  properties,  which  suggests  a  number  of  possible  appli¬ 
cations.  If  an  array  or  stack  of  spheres  is  close-packed  and 
embedded  in  epoxy,  as  shown  in  Fig.  5,  a  low-density  trans¬ 
ducer  can  be  developed.  The  effective  density  of  this  type  of 
composite  is  approximately  that  of  water  and  the  human  body. 
This  provides  for  good  acoustical  coupling  between  the  com¬ 
posite  and  water  in  hydrophone  applications  and  with  human 
tissue  in  biomedical  ultrasonic  systems.  This  type  of  composite, 
similar  to  the  series  type-F42  omnidirectional  underwater  trans¬ 
ducer  developed  at  the  Naval  Research  Laboratory,’  is  small  in 
size,  which  allows  it  to  be  used  as  a  flow  noise  sensor  and  to 
measure  acoustic  pressure'”  in  narrow  openings  and  adja¬ 


cent  to  complex  surface  shapes.  The  low  density  of  the  spheres 
is  advantageous  in  sonar  arrays,  where  buoyancy  is  a  problem. 

Other  applications  involving  the  piezoelectric  properties  of 
the  spheres  involve  the  use  of  the  high-frequency  thickness 
modes.  High-frequency  devices  have  found  numerous  applica¬ 
tions  in  medical  ultrasound.  The  geometry  of  the  spheres  allows 
them  to  be  used  as  sensors  that  are  independent  of  receiving 
direction.  This  omnidirectional  characteristic,  the  small  size, 
and  the  low  processing  costs  of  the  sphere  fulfill  the  necessary 
requirements  needed  for  small  invasive  devices  used  in  medical 
ultrasonic  guidance  systems."  The  omnidireclional  characteris¬ 
tic  of  the  sphere  also  allows  it  to  be  used  as  a  transducer  in  non¬ 
destructive  testing  and  in  monitoring  flow  noise  in  engineering 
systems.  The  tiny  spheres  can  easily  be  embedded  in  polymer- 
based  composites  and  cement.  Polymer  coalings  dramatically 
improve  the  mechanical  strength  of  the  hollow  spheres. 

V.  Conclusions 

The  processing  technique  designed  for  making  thin-walled, 
hollow  spheres  provides  an  inexpensive  and  adaptable  way  to 
manufacture  large  quantities  of  piezoelectric  spheres.  Two  pol¬ 
ing  configurations  have  been  demonstrated  which  generate 
reproducible  resonance  characteritics.  These  resonances  can  be 


Fig.  4.  Admittance  spectra  for  (A)  a  typical  sphere  electroded  on  the  top  and  bottom  with  a  ~  1 .5-mm  gap  between  the  electrodes  and  (B)  the  thick¬ 
ness  mode  resonance  observed  for  a  sphere  2.6  mm  in  diameter  electroded  on  the  top  and  bottom  with  a  1 .5-mm  gap  between  the  electrodes. 


Fig.  5.  Array  of  spheres  embedded  in  a  polymer  to  fonn  a  low-den¬ 
sity  transducer. 


tailored  by  changing  electrode  areas  or  the  wall  thickness  and 
diameter  of  the  spheres.  The  good  dielectric  and  piezoelectric 
properties  of  the  PZT-5  hollow  spheres  suggest  several  interest¬ 
ing  applications  in  medical  ultrasonics  and  underwater 
transducers. 
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The  syinmetry-prediclcd  nonzero  components  of  the  piezoelectric  coelTicient,  dielectric  constant, 
and  clastic  com|iliancc  matrices  have  been  delerininctl  on  poly  (vinylidene  fluoride/ 
Irilliiorocthylcue) (75/23)  copolymer  at  room  temperature  aiul  a  frequency  of  500  Ilz.  The 
temperature  tlependence  of  each  of  the  complex  piezoelectric  coellicients  ami  complex  dielectric 
constants  has  been  measured  in  the  temperature  range  of  —100  to  65  °C.  The  frec|uency 
dcpenilence  of  these  coellicients  has  also  been  measured  at  room  temperature.  It  is  found  that  the 
relaxation  observed  in  the  tensile  piezoelectric  coelTicients  of  this  material  is  difl'erent  from  that 
of  the  dielectric  constants,  whereas  the  relaxation  of  the  piezoelectric  shear  constants  shows 


behavior  similar  to  that  of  the  dielectric  constants. 


I.  INTRODUCTION 

Polyvinyliilene  fluoride  (I’VDF)  and  its  copolymers 
with  lrifluoroethylene(Ti  FE)  or  letrafluorethylcne  (TFE) 
have  become  important  piezoelectric  materials  for  trans¬ 
ducer  applications.  Compared  with  inorganic  piezoelectric 
materials,  the.se  materials  have  high  mechanical  flexibility, 
low  acoustic  impedance,  and  can  be  easily  molded  into 
desirable  forms.  The  piezoelectric  coeiricicnts  of  the  mate¬ 
rials  are  higher  compared  with  other  piezoelectric  poly- 
ineric  materials.  In  the  past  two  decades,  a  large  number  of 
investigations  have  been  conducted  to  improve  the  perfor¬ 
mance  and  to  explore  the  physical  bases  of  piezoelectricity 
and  ferroelcctricity  of  these  materials.' 

Like  other  piezoelectric  materials,  the  linear  coupling 
of  mechanical  and  electrical  effects  of  I’VDF  and  its  co¬ 
polymers  is  described  by  the  constitutive  equations.  These 
e(|uations  contain  the  piezoelectric,  dielectric,  and  clastic 
coellicients,  which  are  all  important  material  parameters 
for  both  device  ilcsign  anil  fundamental  understanding  of 
the  materials.  For  a  stretched  and  poled  I’VDF-type  poly¬ 
mer,  its  symmetry  properties  belong  to  point  group  nim2. 
'I'he  piezoelectric  coeflicient,  dielectric  constant,  and  elastic 
comiiliance  matrices  have  the  forms  of 

/  0  0  0  0  (/,,  0\ 

0  0  0  (I2A  0  <)  , 

\'/.n  0/ 
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where  the  coordinate  axis  1  refers  to  the  polymer  chain 
direction  (.stretch  direction),  3  the  poling  direction,  and  2 
the  axis  orthogonal  to  1  and  3  axes.  Experimental  evidence 
has  shown  that  these  coefficients  vary  with  polymer  pro¬ 
cessing  methods  even  for  samples  with  the  same  composi¬ 
tion  and  the  same  measuring  conditions.  For  the  purpose 
of  application  and  fundamental  understanding  of  these  nia- 
teriafs,  it  is  desirable  to  establish  a  complete  data  base  to 
characterize  all  these  properties  on  samples  with  similar 
processing  conditions.  However,  as  can  be  seen  in  Table  1, 
which  iire.sents  the  typical  experimental  results  for  piezo¬ 
electric,  dielectric,  and  compliance  coefficients  of  I’VDF 
materials  available  in  the  literature,  in  spite  of  extensive 
investigations  in  the  jiast,  the  characterization  of  the  ma¬ 
terials,  especially  copolymers,  is  far  from  being  complete. 
For  example,  although  the  piezoelectric  tensile  coefficients, 
especially  r/,,,  have  been  studied  extensively  using  quasis¬ 
tatic  methods,  there  is  little  information  about  the  imagi¬ 
nary  part  of  these  coefficients.  Furthermore,  few  measure¬ 
ments  of  the  shear  coellicients  have  been  made.  The 
experiment  results  from  various  groups  differ  significantly 
and  they  cannot  be  used  to  consistently  describe  the  phys¬ 
ical  properties  of  the  materials. 

In  this  paper,  the  experimental  results  from  recent 
studies  on  a  l’(VDF-TrFE)  (75/25)  copolymer  are  pre¬ 
sented.  The  matrix  elements  of  the  piezoelectric,  dielectric, 
and  clastic  compliance  coelTicients  have  been  measured  at 
room  temperature  (22  °C)  and  a  frequency  of  500  Hz. 
Both  real  and  imaginary  parts  of  the  piezoelectric  and  di- 
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electric  constants  were  measured  over  wide  frequency  and 
temperature  ranges. 

II.  EXPERIMENTAL  WORK 
A.  Sample  preparing 

Unoriented  poled  P(VDF-TrFE)  (75/25)  copolymer 
plates  purchased  from  Atochem  North  America  Inc.  (Part 
No.  A002335-00)  were  in  two  thicknesses  of  0.5  and  10 
mm.  From  these  plates,  test  samples  were  cut  into  suitable 
shapes  and  sizes  for  measuring  the  dielectric,  piezoelectric, 
J  elastic  compliance  constants.  Samples  for  the  measure- 
nts  of  the  tensile  piezoelectric  coelficients  r/3,  (/=  1,  2, 
.lid  3)  and  dielectric  constant  ^33  were  cut  from  0.5  mm 


thick  plate  while  samples  for  the  measurements  of  the 
shear  piezoelectric  coefficients  r/15  and  f/24  and  dielectric 
constants  An  and  Kn  were  cut  from  a  10  mm  thick  plate. 
For  tensile  elastic  compliance  measurements,  samples  were 
made  into  square  rods  from  the  10  mm  thick  plate  with 
their  length  along  the  direction  in  which  the  measurement 
was  made.  For  shear  compliance  measnremenls,  samples 
were  made  of  Iwenly  layers  of  0.5  mm  plate  by  gluing  them 
together. 


B.  Measurement  details 

Complex  piezoelectric  coefficient,  dielectric  constant, 
and  elastic  compliance  are  defined  as  follows:^ 
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wliere  /=  1,  2,  3,  and  j,  A  =  1,  2 . 6. 

'I'lic  pic/.ocleclric  coclliciciils  were  measured  by  utiliz¬ 
ing  a  laser  ullradilatomeler/’  Making  use  of  (lie  eonversc 
piczocleelrie  elTcet,  strain  Xj  induecd  by  an  alternating 
eleetrie  field  /i,  was  measured  and  tlic  piezoelectric  coelli- 
cieiits  were  determined  by 


dxj 

<lEj 


7=0 


(2) 


Depending  on  the  coeflieient  to  be  measured,  either  the 
single  beam  or  double  beam  laser  dilatometer  was  used.^ 
As  demonstrated  previously,*  the  system  is  capable  of  de¬ 
lecting  both  the  amplitude  and  phase  angle  of  the  field 
induced  strain,  thus  yielding  the  real  and  imaginary  part  of 
the  piezoelectric  strain  coelficients. 

It  should  be  pointed  out  that  in  general,  for  piezoelec¬ 
tric  constant  measurement,  the  quantity  determined  from 
the  direct  piezoelectric  effect  is  dQ/Aj  dTj,  where  /I,  is  the 
area  of  the  electrodes  in  the  unstrained  sample  with  its 
normal  along  the  /  direction,  Qj  the  charges  on  the  elec¬ 
trodes,  and  Tj  the  stress  applied  on  the  sample.  It  can  be 
shown  that 


AidTj 


dDj 

DjOAj 

,r^j 

!■: 


(3) 


where  Dj  is  the  electric  displacement.  The  first  term  on  the 
right  hand  side  of  the  equation  is  the  djj  defined  in  the 
IHEE  standard.’  For  conventional  piezoelectric  ceramics, 
the  second  term  on  the  right  hand  side  is  much  smaller 
than  the  first  term  and  therefore  the  <|uantily  measured 
from  the  direct  piezoelectric  effect  is  practically  equal  to 
djj.  However,  for  polymeric  piezoelectric  materials,  the 
second  term  is  not  negligible.  It  can  also  be  shown  that  the 
piezoelectric  strain  coefficients  djj  determined  from  the 
converse  effect  [Erp  (2)]  is  equal  to  the  right  hand  side  of 
Eq.  (3).’  Hence,  the  direct  effect  and  coiiver.se  effect  yield 
the  same  piezoelectric  constants,  and  in  practice,  they  are 
the  physical  parameters  of  interest. 

A  capacitance  bridge  (General  Radio)  was  used  to 
measure  the  dielectric  constants.  For  /fj,,  an  impedance 
analyzer(IlP)  was  u.sed  to  carry  out  the  measurement  at 
higher  frequencies. 

In  the  piezoelectric  and  dielectric  constant  measure¬ 
ments,  temperature  was  regulated  by  a  microminiature  re¬ 
frigerator  .system  (MMR  Technologies  Inc.).  The  temper¬ 
ature  variation  throughout  the  measurement  was  le.s.s  than 
0.1  K. 

The  principal  diagonal  components  of  the  elastic  com¬ 
pliance  matrix  were  measured  by  a  dynamic  compliance¬ 
measuring  apparatus  (DCA),  developed  at  Acoustical  Re¬ 
search  and  Applications.  The  ofl-diagonal  components 
were  measured  by  using  the  DCA  in  conjunction  with  the 
double  beam  laser  interferometer.  The  DCA,  shown  in  Fig. 


T;  rramc 
( i: 

IJ:  Di.sjilaccincnl  Generator 
S:  Test  Siunple 
L:  Lcngili  of  the  Sample 
W;  WiiUh  of  the  Sample 


rit).  I.  Scliemalic  drawiag  of  ttic  dynatnic  coiiiptiaiicc  apparatus. 

1,  consisted  of  a  massive  stiff  frame,  a  calibrated  piezoelec¬ 
tric  displacement  generator,  and  a  force  gage.  Doth  the 
generator  and  the  force  gage  were  attached  rigidly  to  the 
frame;  between  the  generator  and  force  gage,  a  sample  of 
the  material  to  be  tested  can  be  inserted. 

III.  RESULTS  AND  DISCUSSION 

The  results  of  the  complex  piezoelectric,  dielectric,  and 
clastic  constants  on  l’(VDF-TrFE)  (75/25)  samples  ac- 
(|uired  at  room  temperature  and  a  frequetjcy  of  500  Hz  are 
presented  in  the  column  1  of  Table  1  for  comparison  with 
those  from  the  literature.  To  our  knowledge,  this  set  of 
piezoelectric,  dielectric,  and  compliance  coefficient  data  is 
the  most  complete  currently  available  for  any  FVDF  co- 
polymeric  materials. 

'fo  avoid  the  possible  clamping  effect  of  the  two  ends  of 
the  .sample  roils  inserted  in  the  DCA  on  the  mciisurcd 
elastic  compliance,  samples  with  length  to  width  ratio  (as¬ 
pect  ratio)  of  10  were  u.sed.  All  the  measurements  were 
repealed  several  times  and  the  data  can  be  reproduced 
within  5%.  To  further  confirm  that  the  end  clamping  effect 
is  negligible  here,  we  also  performed  the  measurement  with 
samples  of  aspect  ratio  of  5  and  the  results  were  basically 
the  same  as  those  acquired  from  the  samples  with  aspect 
ratio  of  10.  For  a  piezoelectric  material,  its  elastic  compli¬ 
ance  can  also  be  measured  by  the  piezoelectric  resonance 
teclmi{|ue.'“  For  the  copolymer  samples,  sf^  was  also  mea¬ 
sured  by  utilizing  the  resonance  technique  and  the  result 
was  con.sislent  with  that  from  the  DCA.  The  uncertainty  of 
the  shear  compliance  data  is  greater  than  that  of  tensile 
compliances. 

Shown  in  Figs.  2  and  3,  respectively,  are  the  tempera¬ 
ture  dependencies  of  the  piezoelectric  and  dielectric  con¬ 
stants  at  a  frequency  of  500  Hz.  The  measured  Curie  tem¬ 
perature  of  this  material  is  115'C.  These  results  reveal 
several  interesting  features.  In  contrast  to  drawn  PVDF, 
which  is  very  anisotropic  piczoclcctrically  in  the  plane  per¬ 
pendicular  to  the  poling  direction,  and  for  which  1/31  and 
dj2  exhibit  very  different  magnitudes  and  temperature  de- 
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pendencies,  a  very  small  difference  in  magnitude  and  in 
temperature  dependence  were  observed  between  and 
rf)2  for  this  copolymer.  The  piezoelectric  constants  r/31  and 
dyi  increase  with  temperature  much  faster  than  d^-^,  dy^, 
and  du-  Additionally,  higher  losses  were  measured.  On  the 
other  hand,  the  dielectric  constants  along  three  axes  ex¬ 
hibit  nearly  identical  temperal\ire  dependencies. 

For  PVDF  and  its  copolymers,  experimental  evidence 
has  shown  that  the  mesoscopic  morphology  is  that  crystal¬ 
line  lamellae  are  embedded  in  an  amorphous  region  of  dis¬ 
ordered  polymer  chains.  Hence,  the  piezoelectric  response 
is  governed  by  the  mechanically  induced  change  of  the 
mechanical  and  electrical  field  distribution  within  the 
amorphous  and  crystalline  regions.  It  has  been  proposed 
that  there  are  two  major  contributions  to  the  piezoelectric 
response  in  these  materials;  the  intrinsic  change  of  polar¬ 
ization  (biased  elect rostrict ion  efl’cet),  anil  the  change  of 
the  sample  dimensions  while  electric  moments  are  fixed 
Mimensional  effect).  The  dimensional  effect  contribution 
;alculated  by  using  a  model  of  dipoles  dispersed  in  an 
•phous  medium.*'  For  example,  the  dimensional  con- 
tnoution  to  1/33  from  this  model  is  where  P,  is  the 
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remanent  polarization  and  .933  is  the  clastic  compliance.  P , 
measured  for  this  sample  is  3.4  /iC/cm‘,  hence,  the  dimen¬ 
sional  effect  contribution  to  J),  is  —  16.2  pC/N,  which  is 
about  50%  of  the  total  r/,,.  However,  for  the  shear  coni- 
|X)iicnts,  this  contribution  is  extremely  large  when  calcu¬ 
lated  using  this  model.  For  example,  the  dimensional  ellect 
contributiou  to  r/u  is  —520  pC/N.  If  the  model  is  correct, 
the  contributions  from  the  intrinsic  and  dimensional  effects 
are  in  opposite  signs  .in  shear  constants  and  they  almost 
cancel  each  other  out,  resulting  in  a  .small  total  cocllicieul. 

For  I’VDF  homopolymer  there  exist  three  relaxation 
processes  associated  with  different  types  ol  segment  motion 
in  the  material.  The  a  relaxation  occurs  at  temperatures 
above  55 ’C,  /i  near  -40  ”C,  and  y  -70  "C.  Previous 
studies  have  shown  that  nr  relaxation  is  associated  with 
molecular  motion  in  crystalline  regions  of  a  phase,  the  /j 
relaxation  with  the  segment  motion  in  the  amorphous  re¬ 
gions  and  hence  signifies  the  glass  transition,  and  the  y 
relaxation  with  local  motion  in  the  amorphous  regions.  For 
this  P(VDF-TrFE)  (75/25)  copolymer,  only  fi  relaxation 
was  observed  at  temperatures  around  —  30°C.  This  to¬ 
gether  with  the  x-ray  diffraction  data"  indicate  that  the 
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FIG.  i.  Dielectric  constants  as  rnnetions  of  temperature. 


crystalline  phase  in  this  copolymer  is  ft  phase.  The  inter¬ 
esting  feature  is  that  the  loss  peaks  related  to  the  (3  relax¬ 
ation  in  the  dielectric  curves  are  about  20  "C  higher  than 
those  in  the  tensile  piezoelectric  coetTicietit  curves,  i.e.,  the 
dielectric  loss  peaks  are  at  about  -20°C  while  the  loss 
peaks  in  the  tensile  piezoelectric  coelTicients  are  at  —40  C. 
More  interestingly,  the  loss  peaks  in  the  shear  piezoelectric 
coeflicicnl  curves  are  almost  at  the  same  temperature  as 
those  of  the  dielectrics. 

Figure  4  shows  the  frequency  dependence  of  the  dielec¬ 
tric  constant  A',,.  The  relaxation  observed  near  1  Mllz  in 


FIG.  4.  Dielectric  eoiisl.-mt  A',i  as  fiinelioii  of  freqriciicy. 

the  Aj,  spectrum  is  a.s.sociatcd  with  P  relaxation,  as  has 
been  identified  from  the  earlier  studies  on  the  PVDF 
homopolymer. An  and  K22  were  measured  in  the  fre¬ 
quency  range  from  100  Hz  to  100  kHz  and  their  depen¬ 
dencies  on  frequency  arc  similar  to  that  of  No  fre¬ 
quency  dispersion  was  observed  for  piezoelectric  d 
constants  in  the  range  of  100  Hz-5  kHz. 

In  conclusion,  the  complete  piezoelectric  coeiricicnl, 
dielectric  constant,  and  elastic  com|diance  matrices  have 
been  determined  on  l’(VDF-TrFli)  (75/25)  copolymer  at 
room  temperature  and  a  frequency  of  500  Hz.  The  fre¬ 
quency  and  temperature  dependencies  of  all  five  complex 
piezoelectric  coelTicients  as  well  as  three  complex  dielectric 
constants  have  been  characterized. 
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Abstract  The  dielectric  and  piezoelectric  relaxations  of  poly(vinyIidene  fluoride- 
trinuoroethylene)(75/25)  copolymer  over  the  temperature  interval  of -100  to  60  "C  are 
reported  in  this  paper.  A  two-dimension  model  is  proposed  to  explain  the 
experimental  results.  The  expressions  of  piezoelectric  d  constants  from  the  direct  and 
the  converse  effects,  dielectric  constant  and  the  elastic  compliances  are  derived  as 
functions  of  the  physical  properties  of  crystalline  and  amorphous  regions.  The 
numerical  calculations  of  the  model  are  in  good  agreement  with  the  experimental 
results. 


INTRODUCTION 


The  studies  of  dielectric,  mechanical  and  piezoelectric  dispersion  are  important  in 
describing  the  dissipation  behavior  of  a  piezoelectric  material.  In  many  applications,  such 
as  acoustic  target  location  and  multielement  360"  scanning  sonar  transducer,  the 
knowledge  ofcomplex  piezoelectric  coefficients  is  useful.  The  relaxation  phenomenon  is 
related  to  the  microstructure  of  a  material  and,  therefore,  is  important  in  understanding  the 
structure-property  relations  of  a  material.  Due  to  the  nature  of  the  mesoscopic 
mopjhology  of  semicrystalline  polymers,  which  consist  of  crystalline  and  amorphous 
regions,  the  relationship  among  dielectric,  elastic,  and  piezoelectric  relaxations  can  be 
different  from  that  of  piezoelectric  ceramics  which  has  been  studied  relatively  well.* -2  in 
typical  piezoelectric  polymers,  several  relaxation  mechanisms  can  coexist  due  to  local 
mode  motion,  side  chain  motion,  and  segment  motion  of  main  chains,  and  relaxation 
occurs  in  both  crystalline  and  amorphous  regions.  Piezoelectric  relaxation  has  been 
studied  on  a  number  of  polymeric  materials.-'* However,  for  PVDF  and  its  copolymers, 
the  only  commercialized  piezoelectric  polymers,  information  is  very  limited  at  present. 
Recently,  we  have  carried  out  a  systematic  investigation  of  complex  dielectric,  elastic  and 
piezoelectric  coefficients  of  P(VDF-TrFE)  copolymer.-**  It  is  found  that  near  the  glass 
transition  temperature,  the  piezoelectric  properties  also  exhibit  relaxation.  However,  the 
relaxation  frequency  of  piezoelectric  coefficients  is  different  from  that  of  dielectric 
constants.  This  is  similar  to  previous  experimental  results  of  other  piezoelectric  polymers, 
in  which  dielectric,  piezoelectric  and  elastic  relaxations  occurred  at  different  frequencies. 
To  explain  this  phenomenon,  a  two-dimension  model  is  proposed  to  derive  the 
piezoelectric,  dielectric,  and  elastic  compliance  coefficients  of  polymeric  materials. 
Numerical  calculations  show  they  are  in  good  agreement  with  the  experiment  results. 


COMPLEX  PIEZOELECTRIC  COEFnClENTS 

The  constitutive  equations  for  a  piezoelectric  material  are:^ 
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(la) 

(lb) 


Dpi  —  dpij  Tj  +  E()Knin  E|i 

Si  =  Sjj  Tj  +  dpi  Ep, 

where  stress  Tj  and  electric  field  Ep  are  taken  as  the  independent  variables,  and  electric 
displacement  Dp,  and  strain  Sj  the  dependent  variables,  respectively;  s^  and  dp,j  are 
dielectric  constant,  elastic  compliance  and  piezoelectric  strain  coefficient  of  the  material, 
respectively:  eq  is  the  free  space  permittivity.  The  complex  material  coefficients  arc 
defined  by  the  following  equations:”^ 

Kpip  =  Kmp  "7  Kpip>  Sjj  =  Sjj -y  Sjj,  and  dp,j— dmj-y  d,„j .  (2) 

For  a  homogeneous  material,  the  piezoelectric  strain  coefficients  dp,j,  determined  by 
the  direct  effect  using  Eq.  (la),  is  the  same  as  that  by  the  converse  effect  using  Eq.  ( 1  b). 
However,  for  complex  materials,  such  as  piezoelectric  polymers,  this  equality  needs  to  be 
verified  because  of  the  complicated  boundary  conditions.  For  a  material  with  complex 
coefficients,  the  response  process  of  the  material  is  not  thermodynamically  reversible. 
Although  it  has  been  shown,  through  the  irreversible  thermodynamics,  that  Eqs.  ( 1 )  are 
still  valid  fora  single  phase  material,  it  is  not  clear  and  is  interesting  to  know  whether  or 
not,  for  multiphase  materials,  the  complex  piezoelectric  constants  measured  through  the 
direct  effect  and  through  the  converse  effect  will  be  equal. 


EXPERIMENTAL  WORKS  AND  RESULTS 


P(VDF-TrFE)  (75/25)  copolymer  samples  used  in  this  study  were  purchased  from 
Atochem  North  America  Inc..  The  complex  piezoelectric  coefficients  dmj  of  the 
copolymer  through  the  converse  effect  were  measured  by  a  laser  ultra-dilatometer.^ 


FIGURE  1  Complex  piezoelectric  coefficients  as 
functions  of  temperature. 
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Shown  in  Fig.  I  are  the  tensile  complex  d  coefficients  thus  determined  as  a  function  of 
temperature.  For  comparison,  the  complex  dielectric  constant  K33  is  shown  in  Fig.  2. 
Apparently  the  peak  temperature  of  dielectric  loss  is  different  from'that  of  imaginary  part 
of  piezoelectric  constants.  The  complex  d33  constant  of  the  samples  through  the  direct 
effect  was  measured  by  a  high  sensitivity,  phase  sensitive  d33  meter  that  was  developed 
recently  in  this  laboratory.'^  The  room  temperature  results  for  the  copolymer  are: 
ld33'l=3L0  pC/N  and  ld33"l=0.62pC/N,  which  are  consistent  with  those  measured  from 
the  converse  effect  within  the  data  scattering.  To  our  knowledge,  these  are  the  first 
experimental  results  of  a  complex  piezoelectric  coefficient  from  the  direct  and  converse 
effects. 


CALCULATION  OFTHE  COMPLEX  rOEFFlCIF.NT.S 

There  has  been  a  number  of  models  to  predict  and  explain  the  piezoelectric  properties  of 
PVDF  type  materials. '  >  However,  the  observed  relaxation  behaviors  of  the  copolymer 
can  not  be  explained  by  these  models.  In  order  to  understand  the  experimental  results  and 
to  explore  the  interactions  between  crystalline  and  amorphous  regions  involved  in  the 
piezoelectric  responses,  a  model  is  proposed  to  derive  the  expressions  of  material 
coefficients  as  functions  of  the  properties  of  crystalline  and  amorphous  regions.  For 
simplicity,  only  two  dimension  case  is  considered.  The  material  is  approximated  as 
piezoelectric  crystallites  dispersed  in  nonpiezoelectric,  isotropic  amorphous  matrix,  as 
shown  in  Fig.  3,  in  which  the  3-direction  is  the  polar  direction.  The  mechanical 
properties  of  the  crystalline  regions  are  also  assumed  to  be  isotropic.  Because  of  the 
nonuniformity  of  the  material  and  the  interaction  between  crystalline  and  amorphous 
regions,  the  material  is  divided  into  four  regions.  For  the  crystalline  region,  the 
constitutive  relations  of  the  direct  and  the  converse  effects  are: 


pn  pi 

s.^=  s^,(T3  +  i:^)  +  s^2^, 

Pc 

(3a) 

pi 

S^=  s^2(T3  +  li.)  +  s^,£L, 

Pc 

(3b) 

S5  =  d33^  +  s^,^i+s^2^, 

Pc 

(3c) 

Si  =d3i^  +  s^2— +Su— . 

Pc 

(3d) 

respectively,  where  T3  is  the  external  stress  in  the  direct  effect  and  ^  is  the  electric  field 
on  the  crystalline  region  in  the  converse  effect;  d33  and  d3i  are  the  intrinsic  piezoelectric 
constants  of  crystalline  regions;  F*  and  F*’  are  forces  applied  by  the  region  A1  and  All  to 
the  crystalline  region,  respectively;  superscript  c  stands  for  the  crystalline  region.  Similar 
equations  can  be  written  for  the  other  regions.  Using  the  boundary  conditions,  which  are 
based  on  the  static  force  equilibrium  and  equal  strains  at  boundaries,  all  these  equations 

can  be  solved,  and  the  piezoelectric  constant  from  the  direct  effect  d^  and  from  the 

converse  effect  d^,  dielectric  constant  K^,  and  the  elastic  compliance  sTT  can  be 
derived.  For  brevity,  the  detailed  derivations  are  omitted  here.  The  final  results  are: 
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RGURE4  Calculated  s*,  K*.  and  d*  as  lunctions 
of  frequency. 
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Where  and  K“  are  dielectric  constant  of  crystalline  and  amorphous  regions, 
respectively:  o®  =  -sfj  /  ,  is  the  Poisson  ratio  of  amorphous  regions;  Asjj  (=  sfj  -  sfj )  is 

the  elastic  compliance  difference  of  amorphous  and  crystalline  regions;  A,  B,  C,  and  D 
are  quantities  depending  on  the  mechanical  properties  of  both  crystalline  and  amorphous 
regions: 
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Similarly,  piezoelectric  constant  from  both  the  direct  and  the  converse  effects  and  the 
elastic  compliance^  can  be  derived.  Apparently,  Eqs.  (4)-(7)  are  too  complex 
Se  phvs7al  insigh?  of  the  problem.  To'  study  the  relaxation  behaviors  of  these 
coefficients,  numerical  calculations  of  these  equations  were  carried  out. 
relaxation  of  the  properties  of  amorphous  regions,  the  re'axal'O"  frequencies  of  dielec 
and  oiezoelectric  constants  of  crystalline  regions  could  be  much  higher.  Hence,  to  stu  y 
the  Effect  of  glass  transition  that  occurs  in  amorphous  regions,  we  assumed  relaxation 
only  occurs  in  amorphous  regions  with  Debye  type; 

s?  fOi  -  s?  («>)  K“(0)  -  K“(oo) 

^  ^  -TTj-^ ' 

where  x  is  the  relaxation  time. The  parameters  used  in  the  calculation  are  listed  in  Table  I. 
Se^icrrerults  are  shown  in  Frg.  4  with  the  volume  fraction  of  crystalline  regions  of 


0.56. 

TABLE  I 

Parameters 
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figure  5  Complex  d  cocfficicnl  a.s  functions  ol 
degree  of  crystallinity. 


nisnissiON 

f  n  As  shown  in  Fig  4,  the  model  predicts  that  the  relaxation  peaks  of  dielectnc 
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constants  should  occur  at  lower  temperature  compared  with  that  of  Tand  "2 

This  conclusion  is  consistent  with  the  expenmental  results  as  shown  in  higs.  1  and  . 

The  calculations  also  show  the  differences  among  three  relaxation  frequencies  intrca 

with  the  degree  of  crystallinity.  .....  .  „„ 

(2)  The  experimental  results  of  dielectric  constant  indicate,  in  the  temperature  rang 

-80  to  60  “C,  the  only  relaxation  observed  in  this  copolymer  is  p-relaxation,  which  is 
associated  with  the  glass  transition  of  non-crystalline  molecules.  On  the  other  hand  for 
PVDF  type  polymeric  materials,  it  is  believed  that  the  piezoelcctncity  only  exis 
crystalline  regions.  Therefore,  for  the  single  crystal  PVDF,  there  should  be  no  axa  o 
aUhe  glass  transition  temperature  and  frequency.  The  observed  piezoelectric  relaxation 
neir  the  glaL  transition  temperature  clearly  indicate  that  the  piezoclectnc  response  of  he 
material  can  be  strongly  affected  by  the  properties  of  amorphous  regions.  Again,  his 
SiJms  ?he  results  of  the  theoretical  model  in  which  no  relaxation  is  assumed  in 
crystalline  regions,  and  relaxation  behavior  still  occur  in  the  piezoclectnc  properties  of 

"’“^^Experimental  evidence  has  shown  that  the  piezoelectric  response  of  polymeric 
materiaKongW  on  the  degree  of  crystallinity  of  the  materials.  1  he  model 

medicts  nonlinei  reUtions  between  d33  constant  and  the  volume  J*’ 

JJjSinrregions.  as  shown  in  Fig.  5.  The  decrease  of  the  loss  tangent  is  caused  by  the 

relaxation  free  assumption  of  the  crystalline  regions.  measured 

(4)  For  P(VDF-TrFE)  (75/25)  copolymer,  the  complex  d33.  cocfncicnts  measured 
throueh  the  direct  and  converse  effect  are  equal.  This  result  is  consistent  with 
numerical  calculations.  Since  this  is  the  first  and  perhaps  the  only  existing  precise 
measurement  of  the  complex  piezoelectric  coefficient,  we  do  not  intend  to  generalize  the 
conclusion  to  other  complex  materials.  Further  theoretical  and  experimental  studies 

"^^(5)  When  volume  fraction  of  the  crystalline  regions  is  90%.  the  calculated  clastic 
compliance  at  low  frequencies  is  0.95x10-7  ^a/N.  which  is  much  greater  than  the 

of  a  material. 
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In  general,  the  piezoelectric  ceramic  and  polymer  in  a  1-3  type  composite  will  have  different 
deformations  when  subjected  to  an  external  field.  How  each  component  deforms,  to  a  large 
extent,  determines  the  performance  of  the  composite.  Based  on  the  force  equilibrium  condition, 
an  elastic  model  is  introduced  to  analyze  the  strain  profiles  of  these  composites,  and  the 
theoretical  results  are  in  quantitative  agreement  with  the  strain  profiles  measured  on  several 
composites  using  a  double  beam  ultradilatometer.  The  results  obtained  provide  quantitative 
information  on  how  various  parameters  in  a  composite  affect  the  performance  of  the  composite. 
Furthermore,  a  scheme  is  proposed  for  evaluating  the  strain  profile  of  a  1-3  type  composite 
under  a  hydrostatic  pressure  using  a  double  beam  dilatometer. 


I.  INTRODUCTION 

A  variety  of  piezoelectric  composite  materials  can  be 
formed  by  combining  a  piezoelectric  ceramic  with  a  poly¬ 
mer  phase.  Among  them,  the  piezoelectric  1-3  composite 
has  attracted  a  great  deal  of  attention  and  been  used 
widely.''^  A  typical  configuration  of  1-3  type  composites  is 
illustrated  in  Fig.  1.  In  the  composites,  piezoelectric  ceram¬ 
ics,  usually  lead  zirconia  titanate  (PZT)  ceramics,  play  the 
active  rote  of  energy  conversion  between  the  mechanical 
energy  and  electric  energy,  while  the  polymer  phase  acts  as 
a  passive  medium,  which  transfers  the  mechanical  energy 
between  the  piezoelectric  ceramic  and  the  surrounding 
with  which  the  composite  interacts.  The  disparity  in  the 
physical  properties  between  the  two  constituent  phases  and 
different  roles  they  play  in  a  composite  make  it  possible  to 
fine  tailor  the  material  properties  of  a  composite  to  meet 
different  requirements  of  specific  application.^’ 

There  are  two  major  areas  where  1-3  composites  have 
been  widely  used:  underwater  hydrophone  application  and 
ultrasonic  actuators  and  sensors  for  medical  diagnostic  de¬ 
vices.'”^  The  former  is  operated  at  frequencies  below  40 
kHz  while  the  latter  are  operated  at  a  MHz  frequency 
range.  As  can  be  seen  from  Fig.  1,  in  making  a  1-3  com¬ 
posite,  several  parameters  can  be  varied:  the  elastic  prop¬ 
erties  of  the  polymer  phase,  the  shape,  and  the  aspect  ratio 
of  the  PZT  rods,  the  spacing  between  the  rods,  the  volume 
content,  and  the  arrangement  of  the  PZT  rods  in  the  com¬ 
posite.  The  intention  of  this  paper  is  to  provide  some  un¬ 
derstanding  of  how  these  design  parameters  affect  the  per¬ 
formance  of  the  composites  for  low-frequency  applications. 
To  achieve  that,  a  new  model  is  introduced  that  treats  the 
composites  beyond  the  earlier  equal-strain  model.’’*’’ 
When  a  1-3  composite  is  subjected  to  an  electric  field 
or  a  stress  field,  a  strain  field  will  be  induced  in  the  sample. 
Due  to  the  large  difference  in  the  elastic  and  piezoelectric 
properties,  in  general,  the  two  components  will  have  dif¬ 
ferent  strain  levels  and  the  strain  in  each  component  will 
not  be  uniform.  This  strain  profile  is  determined  by  the 
parameters  listed  in  the  preceding  paragraph  and  deter¬ 
mines  how  effectively  the  two  components  in  a  composite 


couple  to  each  other.  The  strain  profile  of  a  composite 
under  an  electric  field  can  be  mapped  out  using  a  double 
beam  ultradilatometer,  as  will  be  shown  in  this  paper. 
However,  it  may  not  be  measured  easily  when  the  compos¬ 
ite  is  subjected  to  a  stress  field.  In  this  paper,  we  will  show 
that  the  strain  profile  measured  on  a  composite  under  an 
electric  field  can  be  used  to  describe  the  deformation  of  the 
composite  under  a  uniaxial  or  a  hydrostatic  stress. 

The  basic  elastic  coupling  mechanism  between  the  two 
components  in  the  2-2  piezoelectric  composite  is  similar  to 
that  of  the  1-3  composite.  Although  this  structure  is  not 
widely  used,  the  mathematical  analysis  on  the  performance 
of  the  composite  is  much  simpler  and  the  results  obtained 
can  also  be  applied  to  the  1-3  composite.  Hence,  in  this 
paper,  we  will  first  discuss  the  performance  of  2-2  com¬ 
posites  (Sec.  II).  In  Sec.  Ill,  1-3  composites  will  be  ana¬ 
lyzed  in  the  dilute  limit.  In  Sec.  IV,  the  results  obtained  in 
Sec.  Ill  will  be  applied  to  1-3  composites  beyond  the  dilute 
limit. 


II.  2-2  COMPOSITE 

In  a  2-2  composite,  the  PZT  plates  and  polymer  are 
arranged  in  a  parallel  manner,  as  schematically  drawn  in 
Fig.  2(a).  Assuming  the  sample  dimension  in  the  y  direc¬ 
tion  is  much  larger  than  the  sample  thickness  L  and  the 
spacing  d  between  the  neighboring  PZT  plates,  a  2-2  com¬ 
posite  can  be  modeled  as  a  one-dimensional  system.  When 
there  is  a  strain  change  S-^  in  PZT  plates,  for  example,  due 
to  an  electric  field  on  the  composite,  there  will  be  a  corre¬ 
sponding  change  in  the  strain  profile  of  the  polymer  phase. 
Denoting  u{x)  the  surface  displacement  of  the  polymer 
phase  in  the  z  direction,  the  longitudinal  strain  in  the  z 
direction  of  the  polymer  phase  is  lu[x)/L,  where  L  is  the 
sample  thickness.  As  a  result  of  the  strain  gradient  u(x),  a 
shear  force  /zL  5’u(jc)/4  5x’  will  be  induced  in  the  z  di¬ 
rection,  where  fx  is  the  shear  modulus  of  the  polymer.  Un¬ 
der  the  static  condition,  this  shear  force  will  be  balanced  by 
the  restoring  force  2Yu(.x)/L  in  the  polymer,  that  is 
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PZT  rods 


Polymer  Matrix 


FIG.  1.  Schemalical  drawing  of  a  1-3  PZT-polymer  composite,  where 
PZT  rods  are  embedded  in  a  polymer  matrix. 


Distance 


FIG.  3.  The  strain  profile  for  the  polymer  between  two  PZT  plates  [from 
Eq.  (1.3)].  The  parameter  shown  in  the  figure  for  each  curve  is  ^ 
=  L/{2  In  the  figure,  the  gap  width  d  is  1  mm. 


PZT  Polymer 


-H  «  H- 


(c) 

FIG.  2.  (a)  A  schemalical  drawing  of  a  2-2  composite,  where  the 
hatched  plates  are  PZT;  (b)  the  coordinate  system  for  a  2-2  composite 
with  a  single  PZT  plate;  and  (c)  the  coordinate  system  for  Eq.  (1.3). 


fxL  d^u(x) 
4dx^ 


2Y 

=—u(x), 


(1.1) 


where  Y  is  the  Young’s  modulus  of  the  polymer.  The  de¬ 
tails  of  the  derivation  of  Eq.  (1.1)  will  be  presented  in  a 
separate  paper."  The  solution  to  Eq.  (1.1)  is 


2u{x)/L—A  exp(2x  yj2Y/^  /L)  -f  B, 


where  A  and  B  are  integration  constants.  For  the  case 
when  there  is  only  one  PZT  plate  in  the  composite,  as 
shown  in  Fig.  2(b),  the  longitudinal  strain  Sy  of  the  poly¬ 
mer  phase  is 


(1.2) 


and 


ix<  —10/2), 


where  w  is  the  PZT  plate  width  and  2(u/L)q  is  the  strain 
at  the  PZT-polymer  interface.  Equation  (1.2)  shows  that 
the  strain  in  the  polymer  phase  decays  exponentially  with  a 
characteristic  length  ^  =  L/{2^2 Y/^i )  as  the  polymer 
phase  moves  away  from  the  PZT  plate. 

For  a  2-2  composite  as  depicted  in  Fig.  2(c),  the  so¬ 
lution  to  Eq.  (1.1)  is 


(1.3) 


where  d  is  the  gap  width  between  the  two  PZT  plates. 
Equation  (1.3)  describes  the  strain  profile  in  the  polymer 
between  the  two  neighboring  PZT  plates.  In  Fig.  3,  we  plot 
the  strain  profile  of  the  polymer  phase  calculated  from  Eq. 
(1.3)  for  L=4.7  mm  (^=1),  3.5  mm  (^=0.75),  2.3  mm 
(1=0.5),  and  1.2  mm  (|;=0.25)  for  the  gap  width  d=\ 
mm.  In  the  calculation,  y=4.7XlO’  N/m^  and  /i=1.7 
X  lO’  N/m^,  the  elastic  constants  for  spurs  epoxy  were 
used.  The  figure  shows  a  strong  dependence  of  induced 
strain  profile  in  the  polymer  phase  on  the  sample  thickness. 
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Position  (mtn) 


FIG.  4.  (a)  Strain  profile  for  the  2-2  composite  made  of  PZT-5A  and 
spurs  epoxy  with  thickness  /-=4.5  mm.  The  sample  is  driven  electrically 
at  200  Hz,  circles  are  the  data  points  and  the  solid  lines  are  the  fitting,  (b) 
Strain  profile  for  the  2-2  composite  measured  at  40  kHz. 


From  the  figure,  one  can  make  the  following  observations; 
in  this  one-dimensional  structure,  as  the  sample  thickness 
approaches  that  of  the  gap  width,  induced  strain  in  the  gap 
center  of  the  polymer  phase  approaches  zero;  On  the  other 
hand,  for  L/d=5,  the  strain  nonuniformity  in  the  polymer 
phase  is  less  than  10%  and  the  equal-strain  model  can  be 
used  to  calculate  the  effective  material  properties  without 
introducing  significant  errors.  Equations  (1.2)  and  (1.3) 
also  reveal  that  the  elastic  properties  of  the  polymer  phase 
have  a  significant  effect  on  the  strain  profile.  By  reducing  Y 
or  increasing  fi,  one  can  greatly  increase  the  elastic  cou¬ 
pling  between  the  two  components. 

To  compare  with  the  theoretical  results,  several  2-2 
composites  were  made  using  PZT-5A  (PZT-5A  and 
PZT-5H  are  trademarks  of  Vernitro  Corp.  for  their  PZT 
products)  plates  and  spurs  epoxy.  The  strain  profile  of  the 
sample  was  measured  along  a  path  parallel  to  the  x  axis 
using  the  double  beam  laser  interferometer  when  the  sam¬ 
ple  was  driven  electrically.  Shown  in  Fig.  4(a)  is  the  result 
of  one  of  the  scans  thus  obtained.  The  solid  line  in  the 
figure  is  the  theoretical  fitting  using  Eq.  (1.3)  for  the  poly¬ 
mer  regions  between  the  PZT  plates  and  Eq.  (1.2)  for  the 
polymer  regions  at  the  two  edges  of  the  sample.  Clearly, 
the  theoretical  curve  describes  the  data  quite  well.  The 
fitting  yields  the  ratio  of  y//i  =  3.35  for  spurs  epoxy,  which 
is  larger  than  the  true  value  of  T/^(=2.76).  We  believe 
that  this  is  due  to  the  fact  that  in  Eq.  ( 1.1 ),  the  effect  of  the 
stress  in  the  x  and  y  directions  is  not  included.  Further 


effect  in  the  constitutive  equations. 

Equation  (1.1)  can  be  modified  to  account  for  the  sit¬ 
uation  when  a  composite  is  subjected  to  a  low-frequency 
driving  field  (either  a  stress  field  or  an  electric  field).  By 
low  frequency,  we  mean  that  the  frequency  is  at  least  five 
times  smaller  than  the  first  thickness  resonance  frequency. 
Under  this  circumstance,  the  longitudinal  strain  in  the 
sample  can  be  approximated  as  uniform  and  Eq.  ( 1.1 )  can 
be  rewritten  as 


fiLd^u  2Y  pLd^u 
Adx^ 


(1.4) 


to  include  the  time-dependent  effect.  In  Eq.  ( 1.4),  p  is  the 
polymer  density.  For  a  sinusoidal  strain  u  =  u{x)  exp(/<ut), 
where  o)  is  the  angular  frequency  of  the  driving  field,  Eq. 
(1.4)  becomes 


pLd^u  f2Y  pLco^\ 

~^=[T-~rr 


It  is  easy  to  realize  that  as  long  as  the  quantity  (2Y/L^ 
—  p<uV4)  >0,  the  solution  to  Eq.  (1.5)  is  the  same  as  that 
of  Eq.  ( 1.1 ).  The  strain  profile  in  the  polymer  region  is  still 
described  by  Eqs.  (1.2)  and  (1.3),  except  the  characteris¬ 
tic  decay  length  |  becomes  | 
=  L/[2  ^2 ( y  —  pw^  L^/8 )  /p] .  In  all  the  practical  cases,  the 
change  in  |  is  very  small.  For  instance,  the  change  of  ^  is 
about  2%  when  co  varies  from  0  to  40  kHz  for  the  2-2 
composite  used  here.  To  verify  this,  the  strain  profile  of  the 
2-2  composite  was  measured  at  higher  frequency  (40  kHz) 
using  the  laser  dilatometer.  The  data  is  shown  in  Fig.  4(b) 
and  the  strain  profile  is  almost  identical  to  that  measured 
at  200  Hz  [Fig.  4(a)].  The  experimental  as  well  as  theo¬ 
retical  results  both  indicate  that  the  polymer  strain  profile 
will  not  change  significantly  in  this  low-frequency  region. 

We  now  discuss  the  situation  when  the  composite  is 
subjected  to  a  uniaxial  stress  T  in  the  z  direction.  The  force 
balance  condition  yields 


i  4  J 


2y« 


(1.6) 


By  making  the  variable  substitution,  v—u  —  LT/{2Y),'E(\. 
(1.6)  becomes  identical  to  Eq.  (1.1).  Hence  the  solution  to 
Eq.  (1.6)  for  the  polymer  strain  profile  between  two  PZT 


plates  is 


—A  cosh 


(-2x^2Y/p\  T 

[  1  j'^Y’ 


(1.7) 


where  A  =  [(2m/L)o  —  7’/y]sech(  —  d yj2Y/p  / L), 
(2«/L)o  is  the  strain  at  the  PZT-polymer  interface,  and  d 
is  the  gap  width  of  the  polymer  phase  between  the  two 


PZT  plates. 

Comparison  of  Eq.  (1.3),  which  is  the  polymer  strain 
profile  induced  by  the  PZT  plates  when  the  composite  is 
driven  electrically,  with  Eq.  (1.7),  which  is  the  strain  pro¬ 
file  of  the  polymer  phase  when  a  uniaxial  stress  is  applied 
on  the  composite,  yields  that  except  for  the  prefactor  and  a 
constant  term,  the  functional  forms  of  the  two  cases  are  the 
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FIG.  5.  1-3  composite  in  the  dilute  limit. 


same.  As  will  be  shown  later  in  the  paper,  a  similar  con¬ 
clusion  is  also  true  for  the  strain  profile  of  a  composite 
under  a  hydrostatic  stress.  This  link  between  the  two  cases 
provides  a  convenient  way  for  evaluating  composites  for 
hydrophone  applications. 


III.  1-3  COMPOSITE  IN  THE  DILUTE  LIMIT 


In  the  dilute  limit,  the  performance  of  a  1-3  composite 
can  be  modeled  as  that  of  a  single  PZT  rod  embeded  in  an 
infinitely  extended  polymer  matrix,  as  schematically  drawn 
in  Fig.  5.  From  the  symmetry  of  the  problem,  a  cylindrical 
coordinate  system  is  chosen  with  the  z  and  r  directions 
along  the  axis  of  the  PZT  rod  and  the  radial  direction, 
respectively.  Similar  to  the  situation  for  Eq.  (1.1),  the 
equation  that  describes  the  equilibrium  condition  of  the 
polymer  phase  when  the  composite  is  driven  electrically  is 


\iL  /d^u  du  \  2Yu 

T[d?'^7drl"^~r' 


(2.1) 


The  meaning  of  each  term  in  Eq.  (2.1)  is  the  same  as  that 
in  Eq.  (1.1).  Equation  (2.1)  can  be  transformed  to  the 
zeroth-order  Bessel  equation  of  the  imaginary  argument. 
The  solution  that  satisfies  the  boundary  condition  r— oo, 
u/L—0,  is  the  imaginary  argument  zeroth-order  Hankel 
function  K^ip),  where  p  =  2rij2Y/p/L.  When  the  strain 
in  the  polymer  phase  is  induced  by  the  PZT  rod,  the  solu¬ 
tion  to  Eq.  (2.1)  is 


{2u/L)  =  {2u/L)oKo{p)/Ko{a/^),  (2.2) 

where  (2u/L)q  is  the  strain  at  the  PZT  rod-polymer  in¬ 
terface,  a _ is_  the  radius  of  the  PZT  rod,  and  ^ 

=  L/{2^2Y/p). 

It  is  interesting  to  compare  the  strain  profile  of  the 
polymer  phase  in  the  2-2  composite  with  that  in  the  1-3 
composite.  Shown  in  Fig.  6(a)  are  the  strain  profiles  cal¬ 
culated  from  Eq.  (2.2)  (single  PZT  rod  1-3  composite) 
and  from  Eq.  (1.2)  (single  PZT  plate  2-2  composite). 
Apparently,  the  strain  decay  in  the  polymer  phase  in  a  1-3 
composite  is  much  faster  than  that  in  a  2-2  composite. 
Besides  that,  there  is  an  additional  difference  between  the 
two  cases:  the  decay  in  the  polymer  phase  for  a  1-3  com¬ 
posite  also  depends  on  the  PZT  rod  diameter  2a,  while  in 


FIG.  6.  (a)  Decay  of  tlie  strain  in  tlie  polymer  pha.se  for  (from  the  top  to 
the  bottom)  a  2-2  composite  [Eq.  (1.2)]  with  ^=1,  a  single  rod  1-3 
composite  with  I.  ^=0.5,  and  |:=0.25,  where  ^  =  L/(2  J2 tV/t).  In 
the  1-3  composite,  the  PZT  rod  radius  is  0.3  mm.  The  strain  5,  in  the 
polymer  phase  is  normalized  to  that  of  PZT  rod  5,1,.  The  abscissa  is  the 
distance  from  the  polymer-PZT  interface,  (b)  The  dependence  of  the 
strain  in  the  polymer  phase  on  the  radius  of  a  PZT  rod  in  a  1-3  composite 
in  the  dilute  limit.  From  the  top  to  the  bottom:  u  =  0. 1,  0.2,  0.3,  0.5  mm. 
in  ail  the  curves,  I.  r  is  distance  defined  in  Fig.  5. 


a  2-2  composite,  it  is  independent  of  the  PZT  plate  width. 
To  illustrate  this,  in  Fig.  6(b),  the  strain  profiles  in  the 
polymer  phase  for  PZT  rod  radius  o=0. 1,  0.2,  0.3,  0.5  mm 
are  plotted,  where  |;=1  and  (2«/L)o=l  are  assumed  for 
all  the  cases.  Therefore,  both  the  elastic  properties  of  the 
polymer  phase  and  the  aspect  ratio  of  the  PZT  rod  are 
important  parameters  in  determining  the  performance  of 
1-3  composites.*’'^ 

Shown  in  Fig.  7  is  the  strain  profile  measured  on  a  1-3 
composite  made  of  a  single  PZT  tube  embeded  in  spurs 
epoxy  matrix.  The  strain  profile  was  mapped  out  using  the 
double  beam  ultradilatometer  when  the  sample  was  driven 
electrically  at  200  Hz.  The  solid  line  in  the  figure  is  K^ir/ 
^),  the  strain  profile  predicted  theoretically.  The  only  ad¬ 
justable  parameter  in  the  fitting  is  and  the  theoretically 
calculated  curve  agrees  with  the  experimental  data  quite 
well.  The  fitting  yields  the  ratio  of  Y/p  =  3.35  for  the  spurs 
epoxy  used,  which  is  the  same  as  that  measured  in  the  2-2 
case.  The  consistency  between  the  two  measurements  indi¬ 
cates  that  the  model  contains  the  essence  of  the  elastic 
coupling  between  the  two  components  in  1-3  type  compos¬ 
ites. 

In  what  follows,  the  elastic  coupling  between  the  PZT 
rod  and  polymer  will  be  analyzed  using  this  model  for  the 
composite  subjected  to  (a)  an  electric  field  E  along  the  z 
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FIG.  7.  The  strain  profile  of  a  single  tube  1-3  composite  (tube  o.d.=  1.2 
mm)  measured  at  200  Hz  using  the  double  beam  ultradilatometer.  The 
composite  is  made  of  PZT-5H  tube  and  spurs  epoxy.  Solid  lines  are  the 
fittings  using  Eq.  (2.2)  with  only  one  adjustable  parameter  ^  (f=1.15 
from  the  fitting).  Sample  thickness  I.  =  4.5  mm. 


direction;  (b)  a  uniaxial  stress  T  along  the  z  direction;  and 
(c)  a  hydrostatic  pressure.  In  all  the  cases,  the  poling  di¬ 
rection  of  the  PZT  rod  is  in  the  z  direction. 

(a)  when  an  electric  field  E  is  applied  to  the  compos¬ 
ite,  from  the  constitutive  equation,  one  can  obtain  the  z 
component  of  the  strain  in  the  PZT  rod  So=r/33  E  if  there 
is  no  elastic  coupling  between  the  PZT  rod  and  polymer. 
The  effect  of  the  polymer  on  the  PZT  rod  is  to  add  a 
mechanical  load  to  it.  In  this  situation,  the  strain  in  the 
polymer  phase  is  described  by  Eq.  (2.2).  The  stress  trans¬ 
ferred  from  the  polymer  to  the  PZT  rod  due  to  this  strain 
field  is 


T=-n2u/L)oF(a,i),  (2.3) 

where  (2«/Z,)o  is  the  strain  in  the  PZT  rod  after  the  poly¬ 
mer  loading  and 


F(a,^) 


2^Kiia/i) 

a 


(2.4) 


where  ^  =  L/(2  ^2Y/fi),  a  is  the  radius  of  the  PZT  rod, 
and  /fi(x)  is  the  first-order  modified  Bessel  function.  The 
strain  of  the  PZT  rod  due  to  this  additional  polymer  load¬ 
ing  is 


2«\  djiE 

T)^^l+%,YF{a4)’ 


(2.5) 


where  'S33  is  the  elastic  compliance  of  PZT.  Clearly,  due  to 
the  polymer  loading,  the  strain  level  of  the  PZT  rod  is 
smaller  than  djjE.  Using  Eq.  (2.5),  one  can  calculate  the 
strain  reduction  (2«/ L)Q/{diyE)  if ‘^533^  and  ^  are  known. 
For  a  thin  PZT  rod  (small  a),  even  when  the  elastic  com¬ 
pliance  of  the  polymer  is  much  larger  than  that  of  PZT,  the 
reduction  in  the  strain  of  the  PZT  rod  can  still  be  substan¬ 
tial. 

In  general  cases,  d^^E  can  be  replaced  by  Sq,  the  strain 
of  the  PZT  rod  without  the  polymer  matrix.  Hence  the 
total  stress  on  the  PZT  rod  is 


YS^^a^) 
l-h'533yF(a,|)  • 


(2.6) 


0.02 

0.1 

a(mm) 

r 

r 

0.1 

31.4 

9.0 

0.2 

8.3 

7.6 

0.5 

7.1 

4.8 

1.0 

3.6 

3.0 

A  large  stress  would  arise  during  the  poling  of  a  1-3  com¬ 
posite  since  is  relatively  large  as  the  PZT  rods  are  poled, 
and  this  stress  acts  as  a  depoling  field  on  the  PZT  rods  in 
composites.  For  example,  considering  a  composite  made  of 
a  PZT-5H  rod  and  spurs  epoxy,  taking  a =0.2  mm,  L=5.2 
mm,  So=0.1%,  !•=  1,  "5337=0.1,  and  7=4.7 X  lO’  N/m\ 
the  stress  on  the  PZT  rod  is  3.4x  10^  N/m^. 

(b)  From  the  result  of  the  preceding  section,  the  strain 
profile  of  the  polymer  phase  under  a  uniaxial  stress  T  in 
the  z  direction  is 

(2u/L)=AKo{r/^)  +  T/Y,  (2.7) 

where  A  =  {{2u/ L)o-T/Y\/K^{a/^),  (2«/L)o  is  the 
strain  of  the  PZT  rod.  When  a  composite  is  used  in  this 
situation,  one  major  concern  is  how  much  the  stress  on  the 
polymer  will  be  transferred  to  the  PZT  rod.  To  calculate 
this  quantity,  we  notice  that  without  the  elastic  coupling  to 
the  PZT  rod  the  strain  in  the  polymer  under  the  stress  T  is 
r/7.  By  subtracting  out  this  quantity  from  Eq.  (2.7),  one 
can  obtain  the  change  in  the  strain  profile  of  the  polymer 
phase  due  to  the  elastic  coupling  to  the  PZT  rod.  From  this 
consideration,  T,,,  the  stress  transferred  from  the  polymer 
to  the  PZT  rod  is 


1-|-F(a,^) 

H-("5337)F(fl,^) 


(2.8) 


or  in  a  more  familiar  language,  the  stress  amplification 
factor  7  due  to  the  composite 


7=  7.otai/7’=  [  1  +^(a.^)  ]/[  1  +  ("•S33l')^(«.^)  ]. 

(2.9) 


where  T^„^^]=T+T^,  is  the  total  stress  applied  to  the  PZT 
rod.  In  Table  I,  7  is  calculated  for  composites  with  a  dif¬ 
ferent  radius  of  the  PZT  rod  and  different  elastic  properties 
of  the  constituent  phases  (^=1).  For  a  composite  with  a 
fixed  volume  percentage  of  PZT  rods,  the  effective  4/33  of 
the  composite  is  proportional  to  7.  Therefore,  the  result  in 
Table  I  illustrates  how  the  effective  dyy  of  the  composite 
changes  as  one  varies  the  radius  of  PZT  rods.  Clearly,  to 
increase  the  piezoelectric  response  of  the  composite,  thin 
PZT  rods  should  be  used.  The  result  in  Table  I  also  shows 
that  the  polymer  self-loading  (polymers  with  a  large 
Young’s  modulus)  will  significantly  reduce  the  amount  of 
stress  to  be  transferred  to  the  PZT  rod  and  result  in  a 
smaller  7. 

In  Eq.  (2.9),  as  Y/fi  approaches  zero,  F(a,^)  will 
approach  the  value  of  the  equal-strain  model  and  7  reaches 
its  maximum  value  for  a  fixed  "5337.  Hence,  to  improve  the 
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stress  transfer  in  a  composite,  a  polymer  with  a  large  fi  and 
a  small  Y  will  be  advantageous. 

(c)  In  the  hydrophone  application,  a  1-3  composite  is 
subjected  to  a  hydrostatic  pressure.  The  stress  on  the  com¬ 
posite  will  modify  the  equilibrium  equation  (2..1)  of  the 
polymer  phase  to 

f2u\  L  \d^u  /In  du 


(2.10) 


Making  use  of  the  relation  S31  =^32=  —  <7533,  where  a  is  the 
Poisson’s  ratio  of  the  polymer,  Ti  =  7’2=  73  =  T  in  the  hy¬ 
drostatic  condition,  and  7=1/533,  Eq.  (2.10)  can  be  re¬ 
written  as 


\d^u  (\ 

\  du 

hi 

=  (1-2(7)74-- 


The  solution  to  this  equation  is 


-  =(1-2(7) -4-  hr  -(l-2a) 


(2.11) 


ri  Ko{r/^) 
y\  Koia/^)  ■ 

(2.12) 


The  meaning  of  each  quantity  in  Eq.  (2.12)  is  the  same  as 
that  in  Eq.  (2.7).  Comparison  between  Eqs.  (2.7)  and 
(2.12)  yields  that  the  effect  of  hydrostatic  pressure  on  a 
composite  is  to  reduce  the  effective  pressure  on  the  poly¬ 
mer  phase  from  7  to  ( 1  —  2c7)  7.  In  the  case  of  (7=0.5,  this 
effective  pressure  becomes  zero,  a  situation  where  the  poly¬ 
mer  becomes  incompressible.  On  the  other  hand,  Eq. 
(2.12)  shows  that  the  strain  profile  in  the  polymer  phase  is 
still  described  by  the  elastic  constant  ratio  2  7/ju,  which  is 
the  same  as  that  in  the  uniaxial  stress  situation.  Hence,  it  is 
more  appropriate  to  describe  the  reduction  of  the  polymer 
strain  level  in  the  hydrostatic  case  as  related  to  the  reduc¬ 
tion  of  the  effective  stress  on  its  surface,  rather  than  the 
change  in  the  elastic  constants  of  the  material. 

To  find  the  total  stress  7,o,ai  exerted  on  the  PZT  rod, 
one  has  to  calculate  the  strain  of  the  PZT  rod  {2u/L)q  in 
the  composite  under  the  hydrostatic  pressure  7.  Using  the 
reciprocal  relation  that  the  total  force  of  the  polymer  phase 
on  the  PZT  rod  is  equal  in  magnitude  and  opposite  in  sign 
to  the  total  force  of  the  PZT  rod  on  the  polymer  phase,  one 
can  find  7,o,a|, 


1 4-  ( 1  -2a)F{a,^)  -  7["ja4-  ( 1  -2a)%iF{a,^)  ] 


XF{a,^), 


(2.13) 


where  ‘sA=‘i334-2‘53i  is  the  hydrostatic  elastic  compliance 
of  the  PZT  rod,  and  a  is  the  PZT  rod  radius.  Hence,  in  the 
dilute  limit,  the  hydrostatic  piezoelectric  constant  df,  in  the 
composite  is  related  to  the  piezoelectric  constant  ‘^djj  of  the 
PZT  rod  by  the  equation 


TADLE  II.  Hydrostatic  piezoelectric  charge  constant  for  1-3  composites 
with  a  5%  I’ZT  volume  content.  In  the  calculation  . 390  pC/N  and 

‘di,=A5  pC/N  are  u.sed. 


a  =  0.3  nun 

iy  =  0.5  inni 

rs,, 

S 

0.02 

0.1 

</*  (pC/N) 

0.02 

0.1 

1.0 

106 

55 

60 

39 

0.5 

51 

34 

24 

19 

d„=  %3^1  +  (1-2(7)7((/,^) 

7[%+(l-2(7)^5337((7,|:)]F(n,^)>l 
-  l-b^53377((7,^) 


(2.14) 


where  Vq  is  the  volume  fraction  of  PZT  rods  in  the  com¬ 
posite  and  and  ‘’(/3I  are  the  piezoelectric  constants  of 
PZT  ceramics.  Equation  (2.14)  is  derived  under  the  con¬ 
dition  that  the  ceramic  content  in  the  composite  is  very  low 
(dilute  limit).  Introducing  A  as  the  distance  at  which  the 
polymer  strain  changes  from  (2u/L)q  to  0. l(2u/L)o,  we 
may  define  the  criterion  for  the  dilute  limit  in  a  1-3  com¬ 
posite,  that  the  distance  between  the  two  neighboring  rods 
should  be  equal  to  or  greater  than  (2fl-f  A).  For  example, 
if  the  PZT  rod  radius  is  0.25  mm,  the  dilute  limit  corre¬ 
sponds  to  about  5%  or  less  PZT  in  a  composite.  Table  II 
lists  the  di,  value  calculated  using  Eq.  (2.14)  for  compos¬ 
ites  with  a  5%  PZT  rod  of  radius  0.3  mm  and  0.5  mm.  In 
the  calculation,  (7=5  is  assumed  for  the  polymer  and  53,= 
—3  J33  is  used  for  the  PZT  rod.  The  data  indicate  how  c//, 
varies  with  PZT  rod  aspect  ratio  when  the  volume  content 
of  PZT  is  kept  constant,  and  the  effect  of  the  polymer 
self-loading.  The  results  are  consistent  with  the  existing 
experimental  data.*  '^''^ 


IV.  1-3  COMPOSITE  BEYOND  THE  DILUTE  LIMIT 

When  the  volume  content  of  PZT  rods  in  a  composite 
becomes  higher,  as  in  most  practical  cases,  the  dilute  ap¬ 
proximation  is  not  adequate  in  calculating  the  stress  trans¬ 
fer  properties  between  the  PZT  rods  and  polymer  matrix. 
For  a  1-3  composite  as  schematically  drawn  in  Fig.  1,  to 
solve  the  exact  solution  for  the  strain  profile  in  the  com¬ 
posite  under  either  an  electric  field  or  a  stress  field  can  be 
quite  involved,  albeit  it  is  not  impossible.  To  avoid  this 
complication  and  as  a  first-order  approximation,  we  as¬ 
sume  the  solution  for  a  1-3  composite  is  a  linear  superpo¬ 
sition  of  the  solution  in  the  dilute  limit.  Normally,  the 
radius  of  the  PZT  rod  used  in  1-3  composites  ranges  from 
0.1  to  0.5  mm,  and  as  has  been  shown  in  the  preceding 
section,  for  thin  PZT  rods,  the  strain  decays  rapidly  as  the 
polymer  phase  moves  away  from  the  PZT  rod.  Hence,  if 
the  volume  percentage  of  PZT  in  the  composite  is  not  very 
high  (  <20%),  one  only  needs  to  eonsider  the  effect  of  the 
nearest  neighbor  PZT  rods  in  calculating  the  strain  profile 
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FIG.  8.  Top  view  of  a  1-3  composite.  The  area  enclosed  by  the  square  is 
the  unit  cell  and  the  circles  are  PZT  rods.  To  calculate  the  polymer  strain 
in  the  hatched  area,  only  the  nine  PZT  rods  shown  in  the  figure  need  to 
be  considered  if  the  ceramic  content  is  less  than  20%. 


of  the  polymer  phase  in  the  hatched  area  of  Fig.  8.  Based 
on  this  consideration,  the  strain  profile  in  the  polymer 
phase  of  the  unit  cell  can  be  approximated  as 


where  the  summation  is  over  the  nine  PZT  rods  shown  in 
Fig.  8  and  r,  is  the  center  position  of  the  /th  rod.  Aq  is  the 
normalization  factor,  which  will  be  determined  from  the 
boundary  conditions  that  the  strain  at  the  polymer-PZT 
rod  interface  is  equal  to  that  of  the  PZT  rod  and  all  the 
PZT  rods  have  the  same  strain  level.  It  is  clear  that  Eq. 
(3.1)  cannot  meet  these  conditions  and  Aq  determined 
from  different  boundary  points  will  be  different.  However, 
it  can  be  shown  that  even  for  a  composite  containing  20% 
PZT,  the  variation  of  Aq  calculated  from  different  bound¬ 
ary  points  is  less  than  10%.  Within  this  error,  Eq.  (3.1) 
can  be  used  to  describe  the  strain  profile  of  the  polymer 
phase  in  the  unit  cell  containing  the  PZT  rod  A.  To  ac¬ 
count  for  the  variation  of  Aq  at  a  different  boundary  point, 
Aq  is  calculated  at  points  1,  2,  and  3  of  the  PZT-polymer 
boundary.  This  gives  three  different  Aq  and  the  final  value 
of  Aq  is  the  averaged  one  over  these  three  values. 


where  (2w/L)o  is  the  strain  of  the  PZT  rod  and  L,- 
=I,1^iKq(  |a,— r„|/|:),  a,  is  the  coordinate  vector  of  the 
point  labeled  /  in  Fig.  8.  From  the  results  in  Sec.  Ill,  rfyy 
and  di,  for  the  composite  are,  respectively, 

t/33  =  Uo[  1  +A{a,^)  ]/[  (  1  ‘^533^/1(0,1)  ]"rf33  .  (3-3) 


^rf33( 


\-\-{\-2a)A{a,^) 


(  1 -2(7)^533/1  (fl,^)  ]/l(o.^) 
1+ ^5337/1(0,^) 


j+2‘^(f31  Uo> 


(2.14),  except  A(a,^),  which  is  defined  as 
A  r 

A(a,i)=—^  X  Ko(lr„-rl)dxd}’,  (3.5) 

where  the  integration  is  over  the  hatched  area  in  Fig.  8.  By 
assuming  the  strain  in  the  polymer  phase  a  constant,  the 
above  equations  can  be  reduced  to  that  derived  earlier  us¬ 
ing  the  equal-strain  approximation.'"* 

Here  di,  is  calculated  for  1-3  composites  made  of 
PZT-5A  and  spurs  epoxy  using  Eq.  (3.4).  The  parameters 
used  in  the  calculation  are  obtained  from  the  available  lit¬ 
erature.'^  For  a  1-3  composite  with  10%  PZT  volume 
content  and  the  rod  radius  a  =  0.3  mm,  the  dj,  values  cal¬ 
culated  are  55,  35,  and  20  pC/N,  respectively,  for  a  sample 
thickness  of  L=A,  2,  and  1  mm.  These  numbers  are  com¬ 
parable  with  the  experimental  values:  61,  32,  17  pC/N 
measured  by  Klicker  for  composites  with  the  correspond¬ 
ing  material  parameters.*  For  the  composites  with  a  higher 
volume  fraction  of  PZT,  the  agreement  between  the  theory 
and  experiment  becomes  less  satisfactory.  This  is  what  is 
expected  from  the  assumption  of  this  model. 

V.  CONCLUSIONS 

In  this  paper,  using  the  force  equilibrium  condition  an 
elastic  model  is  introduced  to  describe  the  deformation  of 
1-3  type  composites  under  different  driving  conditions. 
Based  on  this,  the  effects  of  PZT  rod  aspect  ratio,  polymer 
shear  and  Young’s  moduli,  as  well  as  the  spacing  between 
PZT  rods  on  the  elastic  coupling  between  the  two  compo¬ 
nents  and  the  performance  of  composites  are  analyzed 
quantitatively.  The  theoretical  results  are  in  good  agree¬ 
ment  with  experimental  observations.  Furthermore,  using 
a  double  beam  ultradilatometer,  the  strain  profiles  of  sev¬ 
eral  composites  with  simple  structures  were  measured  and 
the  results  can  be  described  quite  well  by  the  theoretical 
predicted  profiles.  It  is  also  shown  that  the  strain  profile 
measured  in  this  manner  can  be  used  to  describe  the  de¬ 
formation  of  composites  under  a  uniaxial  or  hydrostatic 
pressure. 
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Piezoelectric  tubes  and  1-3  type  tubular  composites  as  tunable  actuators  and  sensors 
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ABSTRACT 

The  piezoelectric  actuators  and  sensors  made  of  tubular  structure  can  provide  a  great  agility  of  tlie 
effective  response  in  the  radial  direction.  For  a  radially  poled  piezoelectric  tube,  the  effective 
piezoelectric  constant  in  that  direction  can  be  tuned  to  be  positive,  zero,  and  negative  by  varying  the  ratio 
of  the  outer  radius  (Rq)  to  the  inner  radius  (ro)  of  the  tube.  For  a  suitable  ratio  of  R^ro,  this  effective 
constant  can  also  be  changed  in  sign  or  set  to  zero  by  adjusting  the  DC  bias  field  level  for  tubes  made  of 
electrostrictive  materials.  Therefore,  one  can  make  a  piezoelectric  transducer  with  all  the  effective 
piezoelectric  tensile  constants  having  the  same  sign.  The  end  capped  thin  wall  tubes  also  exhibit 
exceptionally  high  hydrostatic  response  and  the  small  size  of  the  tubular  structure  makes  it  very  suitable 
for  integration  into  1-3  composite  which  possesses  low  acoustic  impedance  and  high  hydrostatic 
response. 


1.  INTRODUCTION 

The  recent  advance  in  the  adaptive  materials  and  structures  has  put  increasing  demands  on  new 
materials  and  material  structures  to  broaden  the  range  of  material  properties  provided  by  the  conventional 
materials.  By  integration  of  several  materials  into  a  composite  or  by  structure  modification,  one  can 
greatly  improve  the  performance  of  devices.  In  this  paper,  we  will  examine  the  effective  piezoelectric 
properties  of  a  tubular  structure  and  its  composites  formed  from  arrays  of  such  tube  for  both  actuating 
and  sensing  applications.  We  will  show  that  for  a  radially  poled  ceramic  tube,  the  competition  between 
the  piezoelectric  d33  effect  and  d3i  effect  in  the  radial  direction  provides  a  convenient  way  to  adjust  the 
effective  piezoelectric  properties  in  that  direction  by  changes  in  the  tube  radii.  The  small  thickness  of  a 
thin  wall  tube  also  makes  it  practical  to  use  field  biased  electrostrictive  materials  for  actuators  and  sensors 
since  only  a  low  terminal  DC  voltage  is  required  to  produce  substantial  piezoelectric  activities  in  the 
materials  in  this  geometry  and  by  adjusting  the  DC  bias  field  level,  the  effective  piezoelectric  constant  in 
the  radial  direction  can  be  tuned  from  positive  to  zero,  and  to  negative. 

2.  PIEZOELECTRIC  RESPONSE  OF  A  TUBE  UNDER  AN  ELECTRIC  FIELD 

When  a  radially  poled  tube  is  subjected  to  an  electric  field  along  the  radial  direction,  on  the  average, 
the  strain  in  the  axial  direction  equals  d3i  Em,  where  d3i  is  the  linear  piezoelectric  constant  and  Em  is  Uie 
average  field  in  the  material.  The  dimensional  change  in  the  radial  direction,  however,  is  complicated. 
In  this  section,  the  solution  of  the  elastic  equation  for  the  tubular  structure  under  an  electric  field  will  be 
presented.  It  will  be  shown  that  with  the  same  applied  electric  field,  the  outer  diameter  (OD)  of  the  tube 
can  either  expands  or  contracts  depending  on  the  ratio  of  the  OD  to  ID  of  the  tube.  This  phenomenon  is 
the  direct  consequence  of  the  competition  between  the  piezoelectric  d33  and  d3i  effects  which  have 
opposite  sign  in  producing  the  change  in  the  tube  OD  under  electric  field. 

For  a  tubular  structure,  it  is  convenient  to  use  the  cylindrical  polar  coordinate  system,  as  shown  in 
figure  1,  in  the  analysis  of  the  strain  response  of  the  sample  under  an  electric  field.  The  symmetry  of 
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Figure  1:  Schematic  drawing  of  a  radially  Figure  2:  Forces  on  a  segment  of  a  tube  in  the 
poled  ceramic  tube  with  the  outer  radius  Rq  plane  perpendicular  to  the  tube  axis(z). 
and  inner  radius  rg. 


the  problem  requires  that  the  (|)-component  of  the  displacement  field  u,j,=0.  For  a  thin  wall  tube,  one  can 
neglect  the  coupling  terms  containing  both  r  and  z  in  the  displacement  field  u  and  assume 
u=uXr)r  +  U2(z)  1  Under  this  approximation,  the  non-zero  strain  component  are: 


du.  Uf  oUj 

Uw= — ,  Uaa=— ,  and  \i^^= -  jhe  constitutive  relations  for  the  tube,  therefore,  are 

dr  ^  dz 

Tz=cii  Uzz+ci2U<tHj»+ci2Urre3lE 
Tr  =  C 1 1  Urr  +C 12  u<tM|)+C  12  Uzz-CSSE  ^  ^  ^ 

T4,=ci2  Uzz  +C11  U4Kt)+ci2  UrresiE 

where  T,  Tr  and  T*  are  the  stress  components  in  the  three  directions,  ch  is  the  elastic  stiffness  cons^t, 
e  -  is  the  piezoelectric  stress  constant,  and  E  is  the  applied  electric  field  on  the  tube  wall  along  the  - 
diection  ^  It  is  well  known  that  the  electric  field  is  not  a  constant  inside  the  tube  wall  and  with  a  total 

voltage  V  applied  on  the  tube,  E— fro  ^  r  ^  Rq)-  I"  writing  down  equation  (1),  we  also 

made  the  aonroximation  that  the  tube  is  isotropic  elastically  to  simplify  the  analysis,  pie  nonisotropic 
case  will  be  addressed  in  the  next  section  when  we  discuss  the  hydrostatic  response  of  the  end  capped 
tubes.  Both  the  experimental  results  which  will  be  present^  later  in  this  section  and  the  analysis  in  the 
next  section  show  that  the  errors  due  to  the  isotropic  approximation  are  not  sigmticant. 

For  a  tube  segment  shown  in  figure  2,  from  the  force  balance  consideration  under  the  static  condiuon, 
one  can  arrive  at 
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(2) 


dr  r 

Making  use  of  the  constitutive  equation  (eq.  (1)),  tlie  basic  elastic  equations  for  this  problem  are 
0^1  d  ®3iE  Sii(1 +a)(l-2a) 

0  r  ^  9  r  1-0 


— =  =  constant 
0Z 

where  o  is  the  Poisson’s  ratio  and  sn  is  the  elastic  compliance.  The  solutions  to  eq.  (3)  are 

b  e3iV  Sii(1+o)(l-2o) 

u  f  =  ar+—  + - 

r  Inp  1-0  (4) 

and  Uz  =  c  z 

where  p=Ro/ro-  a,  b  and  c  are  the  integration  constants  and  can  be  determined  from  the  boundary 


zv 

conditions:  Uzz=d3iEm ,  where  Em  is  the  average  electric  field  in  the  tube  ln(R(yro) 

at  r=Ro  and  rp,  there  is  no  external  stress  on  the  tube  wall  which  implies  Tr=0  at  these  two  boundaries. 
Substituting  eq.  (4)  into  eq.  (1)  and  using  the  boundary  conditions,  one  can  get 


a=Em((l-2o)d33-  Od3i)/(2(l-0)) 

b=  -  Ro  ro  Em  (d33  +  O  d3  i)/(2(l-  O))  (5) 

C=d3i  Em 

In  deriving  eq.  (5),  we  have  used  relation  e3i=cnd3i+ci2(d3i+d33).  All  the  s&ain  components  for  the 
tube  can  be  obtained  from  eqs.  (4)  and  (5).  Here  we  are  more  interested  in  finding  out  how  the  tube 
outer  diameter  changes  with  applied  electric  field  as  the  ratio  of  Rp/ro  varies  since  in  most  of  the 
applications,  this  is  the  quantity  of  interests.  Substituting  a  and  b  in  equation  (4)  into  the  expression  for 
Ur  and  setting  r=Rp  yield  the  displacement  of  the  tube  outer  wall  Ur(Rp) 

Ur(Ro)=Em  ((Rp+rp)  d3i  +  (Rp-  rp)  d33  )/2 

This  equation  reveals  that  Ur(Rp)  can  be  changed  from  positive  to  zero,  and  to  negative  by  varying  the 
ratio  of  Rp/rp. 

To  illustrate  the  advantage  of  using  thin  wall  tube  for  actuator  applications,  one  can  compare  the 
piezoelectric  response  of  a  tube  discussed  here  with  a  rod  of  radius  Rp  and  length  L  subjected  to  the 
same  applied  voltage  V.  For  the  rod,  the  field  is  applied  along  the  axial  direction  and  Uzz=d33 
Urr=d3i  V/L.  For  the  tube  sample,  one  can  equivalently  introduce  the  quantity  Ur/Rp  as  the  effective 
strain  in  the  radial  direction 

Uj<Rp)/Rp=  Em  (( 1  +r(/Rp)  d3 1  +  ( 1  -  rp/Rp)  633  )/2  (6) 
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Similar  to  a  rod  sample,  we  introduce  the  effective  piezoelectric  constants  for  the  tube  as  if  it  were  a  rod 
poled  axially. 


Uzz=d33V/L 


Ur  .eff, 
—  =  di  1 


where  L  is  the  axial  length  of  the  tube  and  V  is  the  voltage  applied  on  the  tube  wall.  From  Uzz-cl3i  Em 
and  equation  (6),  the  effective  piezoelectric  constants  can  be  deduced 

^  ^  (Ro+ro)ln(Ro/rQ)  (g) 


d  =  f(l 

(Ro+ro)ln(Ro/ro) 


h^)d3i+(l--^)d33] 

Rq 


\ - \J  -  KM  S  KJ'  SJ 

For  thin  wall  tubes  with  L  much  larger  than  Rq,  which  is  the  case  in  most  of  the  applications,  both  dsB^ 
and  dsi^ff  can  be  exceptionally  large.  This  demonstrates  that  the  tubular  structure  has  great  advantage 
over  the  regular  ceramic  rod  for  actuator  application.  Besides  that,  by  choosing  (1+ro/  Rq)  IQ31I  >  U- 
ro/  Ro)  Id33l,  the  effective  d33  and  d3i  of  the  tube  will  have  the  same  sign.  By  adjusting  the  ratio  Rq/  ro, 

one  can  also  continuously  vary  d3 1  of  the  tube  from  positive  to  zero  and  to  negative. 

To  compare  with  the  theoretical  prediction,  the  displacement  field  Ur(Ro)  and  Uzz  of  a  radially  poled 
PZT-5  tube  were  measured  using  a  double  beam  laser  dilatometer.^  The  ceramic  tubes  used  were 
manufactured  by  Morgon  Matroc,  Inc.,  Vemitron  Div.  with  Ro=0.635  mm  and  ro^;381  mm.  From  t^ 
data  acquired  and  using  eqs  (4),  (5)  and  (6),  we  get  d33=289  pC/N  and  d3i=-141.3  pC/N  for  the  tube 
material.  For  most  of  commercially  available  PZT  materials,  the  ratio  of  d33/d31  ranges  from  2.15  to 
2.3.^  The  measured  ratio  here  (d33/d3i=2.05)  is  slightly  below  that  range  which  we  believe  is  the  result 
of  the  approximations  used  in  the  derivation.  The  effective  piezoelectnc  constants  defined  m  eq.  (7)  tor 
the  tube,  therefore,  are  d33eff=-8180  pC/N  and  d3ieff=-3220.5  pC/N,  the  two  coefficients  have  the  same 
sign  as  predicted  by  eq.  (8)  and  they  are  exceptionally  large. 

The  smaU  thickness  of  the  tube  wall  also  makes  it  possible  to  use  electric  field 
materials  tor  the  actuator  appUcation  since  oiriy  a  sm^  bias 
piezoelectric  responses  in  the  matenals.  Shown  tn  hgu^  is  the  DC  field 
Lstants  of  lead  magnesium  niobate  (PMN)-lead  nunate  (I^  with  a 

the  data  is  taken  from  ref.  5).  Clearly,  the  ratio  of  the  piezoelectnc  constants  dyy/dyi  for  this  ™lerii>j  ‘S 
biL  fidd  dSent  At  the  bias  field  level  1  kV/cm,  d33=400  pOcm  and  d3i=-200  [C  cm,  while  at  the 
bifs  S  3 TvTm;  d33=1000  pacm  and  d3l=-400  pOcm.  In  figures  4(a)  and  4(b),  we  show  how 
d^^eff  and  dii^ff  of  a  tube  made  of  this  material  will  vary  as  the  ratio  of  rq/  Rq  changes  for  these  two 
cases.  It  can  be  seen  that  the  cross-over  points  where  dsi^ff  changes  sip  ^e  differpt  for  ^ 
Hence,  for  a  suitable  ratio  of  rq/  Rq,  by  tuning  the  DC  bias  field  level,  both  sign  and  1 

of  the  tube  can  be  varied.  In  figure  5,  the  dependence  of  -d3ieff/d3i  on  the  ratio  of  d3i/d33  is  shown 
explicitly  for  a  tube  with  rq/  Ro=0.4. 


THR  HYDROSTATIC 


FNin  r  APPRO  TUBES  AND  1-3  TYPE  TUBULAR 


The  availability  of  small  size  ceramic  tubes  i^es  it  attractive  j“‘ ?  J.7 JE, 

piezoceramic-polymCT  composites  for  large  area  applications  and  '“.f 

material  oroDertv  modification.  Before  the  discussion  on  the  composite  propemes,  we  will  bnetly  denve 
Sfexpre1sTn7orX  hydrostatic  response  of  end  capped  tubes  first  since  this  is  the  most  commonly 

used  mode  of  piezo-tubes  as  hydrostatic  sensor.^ 
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Figure  3:  DC  bias  field  induced 
piezoelectric  constants  of 
0.9PMN-0.1  PTatroom 
temperature 
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Figure  5:  Dependence  of  dj^^  on  the 
ratio  d3,/d33  for  a  tube  with  r^/Ro  =  0.4. 


figure  4a 


figure  4b 


Figure  4:  (a)  E>ependence  of  d^  on  tJR^  for  tubes  with  djj  =  400,  dj,  =  -200  and 
L/Ro  =  15;  (b)  with  =  1000,  dj,  =  -400,  L/R^  =  0.4. 


Similar  to  the  derivations  presented  in  the  preceding  section,  the  displacement  field  of  a  tube  under 
hydrostatic  pressure,  when  expressed  in  the  cylindrical  coordinate  system,  is  U(j)=0  and 

u=u,(r)  r  +  UjCz)  z.  (for  an  isotropic  material,  this  is  the  exact  form  of  the  displacement  field  and  for  a 
poled  ceramic  tube,  the  error  in  using  this  form  of  the  displacement  field,  as  will  be  shown  later,  is  less 
than  10%.)  Since  all  the  external  forces  arc  applied  on  the  surfaces  of  the  tube,  there  is  no  internal  body 
force  in  the  tube  wall,  eq  (3)  becomes: 
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3rUr  9u, 

- =  const.  and  - =  const.  (9) 

r8r  9  2 

The  solutions  to  the  equations  are: 

Ur=a  r  +  b/r  and  Uz=  c  z  (10) 

The  non-zero  strain  components  are: 

Urr  =  a  -  b/r2,  \i^=  a  +  b/r^,  and  Uzz  =  c  (11) 

where  a,  b,  and  c  are  the  integration  constants.  The  boundary  conditions  which  will  be  used  to 
determine  them  are:  since  the  two  ends  of  the  tube  are  sealed,  there  is  no  pressure  inside  the  tube,  at 

r=ro,  Tr  =  0;  at  r=Ro,  Tr  =-  p:  and  at  z=0  and  z=I,  the  stress  in  the  axial  direction  is  Tz  =-  p  Ro^/(Ro^- 
ro^),  where  -  p  is  the  applied  hydrostatic  pressure.  For  an  anisotropic  tube,  the  constitutive  relations  are: 


Tz=  Cii  Uzz  +C12  u<t)4,+Ci3  Urr 

Tr  =  C33  Urr  +C13  U<tH),+Ci3  Uzz  (12) 

T(1)=ci2  Uzz  +C11  U4k|)+C13  Urr 

where  Cii  are  the  elastic  stiffness  coefficients  of  the  poled  ceramics.  Substituting  the  strain  components 
in  eq.  (11)  into  eq.  (12)  and  omitting  the  term  in  Tz  having  r  dependence,  one  can  obtam  a,  b,  c: 

p2  2"C lie  12+  C 11)  -  C ii(c  13+  C33) 


^0^0 


(13b) 


•pRp  , _ C12-C33 _ ^ 

2  2  ^Ci3(Ci2fCi3)-Cii(CijK:3^^ 

^0*  ^0 


(13c) 


From  eqs.  (11),  (12)  and  (13),  the  hydrostatic  response  of  the  tube  can  be  calculated  from  the 

relation  ,  ^ 

D3=d3iT^+d3iT<,  +  d33T,  (14) 

where  D3  is  the  electric  displacement  in  the  poling  direction.  The  value  of  dh  c^  be  found  by  ^ 
Tverage  charge  produced  in  the  inner  and  outer  surfaces  of  the  tube  wall  and  divided  it  by  the  outer 

surface  area  of  the  tube.  This  yields  from  eq.  (14): 

H_i(d  riK  (15) 

tih-2  {  ‘^33+R^.r^l  Vi/CijK:i2)-Cii(Ci3fC33)^  C33-C13  Rq 

Usine  the  elastic  stiffness  coefficients  for  PZT-5H,4  for  a  tube  with  Ro=0.635  mm  and  ro=^-381  mm^ 
ea  (fs)  predicts  dh  =-657  pC/N  or  2.4  d3i.  If  the  tube  Rq  is  doubled  while  keeping  the  wall  thiclmess 
the  same^,  the  dh  value  can  reach  -1786  pC/N.  Hence,  for  thin  wall  tubes,  an  exceptionally  large 
hydrostatic  response  can  be  achieved. 

For  an  elastically  isotropic  tube  dh  can  be  found  by  simplifying  eq.  (15)  using  the  isotropic 
conditions  ci  i=C33,  c  12=013: 

For  the  PZT-5H  tube  just  calculated,  the  calculated  dh  value  is  -594  pC/N  (2.17  d3i)  when  eq.  (16)  is 
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Experimental  measurements  were  performance  on  several  PZT-5  tubes  (Ro=0.635  mm  and  ro=0.381 
mm)  with  two  ends  sealed  and  radially  poled  (the  dielectric  constant  E  for  this  group  of  sample  is  aiound 
1700  at  the  atmospheric  pressure),  dh  was  measured  through  the  direct  piezoelectric  effect  where  the 
charge  induced  on  the  electrodes  of  a  sample  is  measured  when  the  sample  is  subjected  to  a  hydrostatic 
pressure.  d3i  and  d33  were  measured  using  the  double  beam  laser  interferometer.^  For  this  group  of 
samples,  the  dh  was  in  the  range  from  -330  pC/N  to  -400  pC/N  and  d3i  from  -140  pC/N  to  -160  pC/N. 
The  ratio  between  experimentally  measured  dh  and  d3i  (on  average)  is  2.45  which  is  very  close  to  that 
predicted  from  eq.  (15).  Clearly,  to  make  a  quantitative  prediction  about  the  hydrostatic  response  of  a 
tubular  structure,  one  may  be  required  to  include  the  elastic  anisotropy  in  the  calculation. 


In  analogy  to  the  situation  discussed  in  the  preceding  section,  one  can  also  manipulate  the 
piezoelectric  response  of  a  tube  to  the  stress  field  in  the  radial  direction  by  changing  the  ratio  of  r(VRo  for 
tubes  made  of  piezoelectric  materials  or  the  DC  bias  field  for  tubes  made  of  electrostrictive  materials. 
Here,  we  will  use  the  result  just  derived  for  the  hydrostatic  response  of  a  tube  as  an  example.  In  eq. 
(14),  the  hydrostatic  response  of  a  tube  comes  from  three  terms,  one  is  from  the  pressure  in  the  axial 

direction  and  the  other  two  from  the  pressure  in  the  radial  direction.  The  electric  displacement  D3'’  due  to 
the  pressure  in  the  radial  direction  is 


D3‘'=d3iT,j,  +  d33  Tr 

Hence,  the  partial  piezoelectric  response  d*"  of  the  tube  to  the  pressure  in  the  radial  direction  is 

2  2  2 


d^4{d 


R. 


[( 


)  + 


Cii'Co  ro 


CijfC  12-Cii-Ci^33 
Ci^CijK:i2)  *  Cn(Ci3+C3^''  C33-C13  Rq 


]d3i) 


(17) 


Obviously,  the  opposite  sign  of  d33  and  d3i  provides  a  convenient  way  to  change  d*"  in  eq.  (17).  One 
can  easily  verify  that  by  varying  the  ratio  of  Ro/ro,  d*"  changes  continuously  from  positive  to  zero,  and  to 
negative.  Similar  to  the  actuator  case,  for  suitable  ratio  of  ro/Ro,  one  can  also  change  the  sign  of  the 
effective  radial  response  here  by  using  electrostrictive  materials  with  different  DC  bias  field  level. 
Furthermore,  for  a  tube  made  of  electrostrictive  material,  its  piezoelectric  response  can  be  turned  off  by 
setting  the  DC  bias  field  zero.  This  result  as  well  as  the  result  in  the  preceding  section  indicate  that  the 
range  of  the  effective  piezoelectric  properties  of  the  materials  can  be  considerably  broadened  by  using  the 
tubular  structures. 


To  calculate  the  hydrostatic  figure  of  merit  for  this  tubular  sensor,  we  notice  that  in  practice,  the 
quantity  dhgh  is  a  measure  of  the  product  of  the  charge  and  voltage  produced  in  a  unit  volume  material. 

For  a  tubular  material,  its  effective  volume  is  itRo^L,  where  L  is  the  tube  length  when  the  end  capped 
tube  is  regarded  as  a  rod  with  its  radius  equal  to  Rq.  Hence,  the  effective  figure  of  merit  for  the  lube  is 

<fbgl,=^l''(^)«l33+<l3l(^)(2+^))'  (18) 

2eEQ  ^0  Rq 

Here,  we  have  used  dh  result  for  an  isotropic  tube  (eq  (16)).  One  can  easily  expand  the  result  to 
elastically  anisotropic  materials.  Clearly,  for  a  thin  wall  tube  a  large  figure  of  merit  can  be  obtained. 

We  now  discuss  the  properties  of  1-3  tubular  composites.  A  typical  1-3  tubular  composite  is 
schematically  drawn  in  Hgure  6.  For  the  composite  discussed  here,  the  tubes  are  radially  poled  and  the 
composite  is  electroded  on  the  two  end  faces.  Hence,  special  arrangement  is  required  to  ensure  a  proper 
electric  connections  between  the  electrodes  at  the  tube  walls  and  the  composite  end  faces.  This  kind  of 
composite  can  be  used  for  large  area  actuator  and  sensor  applications,  as  well  as  smart  materials  where 
both  sensor  and  actuator  are  integrated  into  one  structure.  Here,  we  only  discuss  the  properties 
associated  with  the  sensor  applications. 
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Ceramic  Tubes 


Polymtr  Motrii 

Figure  6:  Schematic  drawing  of  a 


1-3  tubular  composite. 


Figure  7;  Schematic  drawing  of  1-3  tubular 
composite  with  only  one  tube  embedded  in  an 
infinite  extended  polymer  matrix. 


Wh«*n  tubes  are  inteerated  into  a  1-3  type  ceramic-polymer  composite,  as  has  been  demonstrated  in 
our  earlier  publicationsfthere  is  a  stress  transfer  between  the  polymer  matrix  and  the  cer^ic  tubes  m  e 
z-direction7.8  This  stress  transfer  is  the  result  of  the  difference  in  the  elastic  the 

transfer,  the  result  c^  also  be  appUed  to  the  composite  with  finite  ceramic  content. 

The  orocedure  of  calculating  how  much  stress  is  transferred  from  the  polymer  phase  to  the  cer^c 

eq.  (19)  is  the  zeroth-order  Hankel  function  Ko(p)  and 

^ ^  +  A  Ko(r/^)  (20) 

where  A  is  an  integration  constant  and  4=U(2  the  strain  decay  length  in  the  polymer  phase.  In 

eq.  (20),  we  have  made  use  of  the  relations  s,2=-<.s,.  and  ^=>^11. 

moLes  and  the  Poisson's  ratio  of  the  polymer,  respecttvely.  TTie  total  force  f  transterreo 
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polymer  phase  to  the  ceramic  tube  is,  therefore 


f=Yr 


27t  r  A  Ko(r/^)  dr 


Two  boundary  conditions  are  needed  to  determine  f.  The  first  one  is  the  condition  that  at  the  ceramic 
tube-polymer  interface,  the  z-component  of  the  strain  in  the  two  phases  should  be  equal,  and  the  second 
is  the  relation  between  the  z-component  of  the  strain  in  the  ceramic  tube  and  the  stress  field 


Uzz=- 


2  c  c 
pRo(l-o 

r>2  2 


7t(Ro-r5 


where  sn*^  and  are  the  elastic  compliance  and  the  Poisson's  ratio  of  the  ceramic  tube,  respectively. 
Hence,  the  total  stress  in  the  axial  direction  of  the  tube  is 


pRo 

T,=  -i^(l- 


Ao(l-2g)/(R^S||)-(l-2g)  , 

l+Kd:P()Arf(2K,(Po)Ysl,R(fe)' 


where  Y  is  introduced  as  the  stress  amplification  factor,  Ao=(Ro^-ro^),  po=Ro/4.  and  Ki(p)  is  the  first 
order  Hankel  function.  In  figure  8,  we  plot  y  as  a  function  of  the  aspect  ratio  Rq/L  for  a  1-3  tubular 

composite  made  of  PZT-5H  tube  with  1^=0.635  mm  and  ro=0.381  mm  and  spurs  epoxy. ^  Apparently, 
for  thin  and  long  tubes,  the  stress  amplification  factor  is  large.  This  is  similar  to  that  obtained  earlier  for 
1-3  composites  made  of  ceramic 

Using  the  results  from  the  single  tube  and  equation  (22),  one  can  write  down  the  effective 
hydrostatic  piezoelectric  strain  coefficient  for  1-3  tubular  composites 

df=^v.(d3jf-^ln+^)<i3,)  (23) 

tvQ-ro  Kq 

where  Vq  is  the  volume  content  of  the  ceramic  tubes  in  the  composite  which  is  defined  as  Vc  =7i  Ro^/a, 

and  a  is  the  unit  cell  area  of  the  composite.  For  a  composite  in  the  low  ceramic  volume  content,  y  in  eq. 

(22)  is  equal  to  that  in  eq.  (23).  With  increased  volume  content,  the  dependence  y  on  the  material 
properties  of  the  constituent  phases  will  become  more  complicated  and  one  may  not  be  able  to  derive  the 

analytical  expression  for  y  except  in  some  special  cases.  In  this  paper,  we  will  not  pursue  this  further 

and  only  point  out  that  in  the  composite,  there  is  always  a  stress  transfer  between  the  two  phases  ( y  >1), 
the  generd  rule  to  increase  this  stress  transfer  is  basically  the  same  as  that  for  the  dilute  composite  case. 

The  effective  hydrostatic  figure  of  merit  for  1-3  tubular  composites  is 


eff  eff  Vg  /Rq..,.  ^0 

gh  = - ln(-— ){d33  +  p — - 

Occ  fn  rin  -  I 


'■Y))d3i}‘ 


For  the  comparison,  in  table  I,  we  present  the  experimental  values  of  the  hydrostatic  response  of  an  end 
capped  ceramic  tube,  a  I  3  composite  with  tube  inside  air  backing,  and  a  1-3  composite  with  tube  inside 
epoxy  backing.  All  1-3  v  jmposites  had  the  volume  content  of  23.3  %  ceramic  tube  and  the  dimensions 
of  the  tubes  are:  Ro=0.635  mm,  ro=0.381  mm,  and  L=9  mm.  The  polymer  matrix  was  made  of  spurs 
epoxy.  In  the  composite  with  epoxy  backing,  the  tube  inside  was  filled  with  spurs  epoxy.  d3i  listed  in 
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the  table  was  calculated  using  the  single  tube  result  where  the  ratio  d33/d3i=2.2  was  used.  From  this 
d3i,  Y  was  calculated  from  eq.  (24).  Clearly,  the  y  value  here  is  much  smaller  than  that  shown  in  figure 
8  (Ro/L=0.07  here).  One  of  the  reasons  for  this  is  that  figure  8  is  for  the  composite  in  the  dilute  limit, 

the  Y  value  for  composites  with  finite  ceramic  content  should  be  smaller  than  that  in  figure  8.  The 
imperfect  stress  transfer  between  the  two  phases  and  the  depoling  effect  of  the  tubes  during  the  epoxy 
curing  may  also  be  responsible  for  this  reduction  of  y.  Although  the  data  in  table  I  show  that  the 
hydrostatic  responses  of  the  composites  tested  are  not  as  high  as  that  of  the  single  tube,  the  different  is 
not  very  large.  As  the  volume  content  of  the  ceramic  tube  and  other  parameters  in  a  composite  are  varied, 
the  effective  hydrostatic  figure  of  merit  for  1-3  tubular  composites  will  change.  In  the  optimum 
condition,  one  would  expect  that  dh^^^gh®^^  for  a  tubular  1-3  composite  may  exceed  that  of  a  single  tube. 
Apparently,  further  experimental  and  theoretical  work  is  required  to  address  this  issue.  Further  more,  the 
figure  of  merit  of  1-3  tubular  composites  is  much  higher  than  that  of  1-3  composites  made  of  ceramic 

rods.8 
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In  this  paper,  the  effective  piezoelectric  responses  of  the  tubular  structure  and  its  composites  were 
evaluated  both  theoretically  and  experimentally.  When  used  as  actuators,  the  effective  piezoelectric 
constant  in  the  radial  direction  of  a  tube  can  be  changed  from  positive  to  zero  and  to  negative  by 
adjusting  the  ratio  of  Rq/ro  for  piezoelectric  materials  or  the  DC  bias  field  for  electrostrictive  materials. 
Therefore,  the  effective  piezoelectric  constants  along  the  axial  direction  and  the  radial  direction  can  both 
have  the  same  sign.  For  the  sensor  applications,  the  two  ends  sealed  tube  exhibits  exceptionally  high 
hydrostatic  response  and  analogues  to  the  situation  of  actuators,  the  pressure  response  in  the  radial 
direction  can  be  adjusted  by  the  ratio  of  Ro/rq  for  piezoelectric  materials  or  the  DC  bias  field  for  the 


Figure  8:  The  stress  amplification  factor  r  as  a  function 
of  the  aspect  ratio  Rj/L  of  the  ceramic  tube  for  the 
composite  drawn  in  figure  7  with  PZT-5H  ceramic  tube 
and  spurs  epoxy 
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electrosmctive  materials.  For  large  area  applications,  these  tubes  can  be  readily  integrated  into  1-3 
composite  structure  which  provides  low  acoustic  density  and  high  piezoelectric  activity.  The 
effectiveness  of  the  stress  transfer  between  the  polymer  phase  and  the  ceramic  tube  in  1-3  composite 
makes  it  possible  to  back  fill  the  inside  of  the  ceramic  tube  which  increases  the  mechanical  integrity  of 
the  tubular  structure  while  keeps  the  piezoelectric  response  of  the  composite  almost  intact. 
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Table  1  Hydrostatic  properties  of  tire  end  capped  tube  and  1-3  tubular  composites 


e 

dh«‘^(pC/N) 

db^f^gh'=‘fG0--‘5m2/N) 

dji  (pC/N)  Y 

End  capped  tube 

2,945 

-14,330 

10,000 

-235  1 

Composite 

(air  backing) 

2,922 

-5,502 

6,389 

-235  2.11 

Composite 

(epoxy  backing) 

2.944 

-4.970 

5,172 

-235 
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Piezoelectric  tubes  and  tubular  composites 
for  actuator  and  sensor  applications 
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Piezoelectric  actuators  and  sensors  made  with  a  tubular  structure  can  provide  a  great  agility  of 
effective  response  in  the  radial  direction.  For  a  radially  poled  piezoelectric  tube,  the  effective 
piezoelectric  constant  in  that  direction  can  be  tuned  to  be  positive,  zero  or  negative  by  varying  the 
ratio  of  the  outer  radius  {Rq)  to  the  inner  radius  (fo)  of  the  tube.  For  a  suitable  ratio  of  /^o/^'o-  this 
effective  constant  can  also  be  changed  in  sign  or  set  to  zero  by  adjusting  the  d.c.  bias  field  level  for 
tubes  made  of  electrostrictive  materials.  Therefore,  one  can  make  a  piezoelectric  transducer  wit 
all  the  effective  piezoelectric  tensile  constants  having  the  same  sign.  End-capped  thin-walled 
tubes  also  exhibit  an  exceptionally  high  hydrostatic  response,  and  the  small  size  of  the  tubular 
structure  makes  it  very  suitable  for  integration  into  a  1  -3  composite  which  possesses  low  acoustic 
impedance  and  high  hydrostatic  response. 


1.  Introduction 

The  recent  advance  in  adaptive  materials  and  struc¬ 
tures  has  put  increasing  demands  on  new  materials 
and  material  structures  to  broaden  the  range  of  mater¬ 
ial  properties  provided  by  conventional  materials 
[I,  2].  The  novel  concept  of  piczocompositcs  is  one 
such  example  which  combines  two  or  more  materials 
with  complementary  properties  to  expand  the  clTcctivc 
properties  of  the  composite  beyond  those  of  each 
individual  component  [3, 4].  With  the  existing  mater¬ 
ials,  by  structure  modifications,  one  can  also  greatly 
improve  the  performance  of  devices.  In  this  paper,  we 
will  examine  the  effective  piezoelectric  properties  of 
a  tubular  structure  and  its  composites  formed  from 
arrays  of  such  tubes  for  both  actuating  and  sensing 
applications.  For  a  radially  poled  ceramic  tube,  the 
competition  between  the  piezoelectric  djj  elTcct  and 
if 3,  cITcct  in  the  radial  direction  provides  a  convenient 
way  to  adjust  the  effective  piezoelectric  properties  in 
that  direction  by  changes  in  the  tube  radii.  The  small 
thickness  of  a  thin-walled  lube  also  makes  it  practical 
to  use  field-biased  electrostrictive  materials  for  ac¬ 
tuators  and  sensors,  since  only  a  low  terminal  d.c. 
voltage  is  required  to  produce  substantial  piezoelec¬ 
tric  activities  in  materials  with  this  geometry. 


2.  Piezoelectric  response  of  a  tube  under 
an  electric  field 

When  a  radially  poled  tube  is  subjected  to  an  electric 
field  along  the  radial  direction,  on  the  average,  the 
strain  in  the  axial  direction  equals  d}iE„,  where i/ji 's 
the  linear  piezoelectric  constant  and  £„  is  the  average 
field  in  the  material.  The  dimensional  change  in  the 
radial  direction,  however,  is  complicated.  In  this  sec¬ 
tion,  the  solution  of  the  elastic  equation  for  the  tubu¬ 
lar  !  >ructure  under  an  electric  field  will  be  presented.  It 


will  be  shown  that  with  the  same  applied  electric  field, 
the  outer  diameter  (o.d.)  (or  the  inner  diameter  (i.d.))  of 
the  tube  can  cither  expand  or  contract  depending  on 
the  ratio  of  the  o.d.  to  i.d.  of  the  tube.  This  phenom¬ 
enon  is  a  direct  consequence  of  competition  between 
the  piezoelectric  1/33  and  i/n  ellects.  which  have  oppo¬ 
site  sign  in  producing  the  change  in  the  tube  o.d.  under 
an  electric  field. 

For  a  tubular  structure,  it  is  convenient  to  use  the 
cylindrical  polar  coordinate  system,  as  shown  in 
Fig.  I,  in  the  analysis  of  the  strain  response  of  the 
sample  under  an  electric  field.  The  symmetry  of  the 
problem  requires  that  the  i|)  component  of  the  dis¬ 
placement  field  K*  =  0.  For  a  thin-walled  tube  one 
can  neglect  the  coupling  terms  containing  both  1 
and  r  in  the  displacements  field  11  and  assume 
«  =  »,(/•)/’ -t- H„(c)c.  Under  this  approximation,  the 
non-zero  strain  components  arc 

dll,  llr  _  ^ 

"rr  =  0: 

Thc  constitutive  relations  for  the  tube,  therefore,  arc 
T;  =  Cull;:  +  r'lll'o  +  ri2llrr  —  <-’m  6 

T,  =  C,,llrr  -h  lT2l<+4'  +  ‘T2II::  ~ 

T*  =  full::  +  ‘Till**  +  t'ullrr  “  l'3lt'  (U 

where  T.,  T,  and  T*  arc  the  stress  components  in  the 

three  directions,  is  the  clastic  stiffness  constant,  is 
the  piezoelectric  stress  constant,  and  E  is  the  applied 
elcv^  tic  field  on  the  tube  wall  along  the  r  direction.  It  is 
well  known  that  the  electric  field  is  not  a  constant 
inside  the  lube  wall  and  with  a  total  voltage  F  applied 
on  the  tube,  E  =  V/r\n(Ro/ro)  (ro  <  '•  ^  «o)- 
ing  down  Equation  1,  we  also  made  the  approxima¬ 
tion  that  the  tube  is  isotropic  elastically  to  simplify  the 
analysis.  The  non-isotropic  case  will  be  addressed  in 
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Fifimv  /  Schematic  drawing  of  a  radially  poled  ceramic  liihc  with 
outer  radius  inner  radius  r,,  and  total  length  L  The  electric  lield 
is  applied  on  the  tube  wall  ahuig  the  radial  direction. 


the  next  section  when  we  discuss  the  hydrostatic  re¬ 
sponse  of  end-capped  tubes.  Both  the  experimental 
results  which  will  be  presented  later  in  this  section  and 
the  analysis  in  the  next  section  show  that  the  errors 
due  to  the  isotropic  approximation  are  not  significant. 

Making  use  of  the  constitutive  Equation  I  and  the 
static  equilibrium  condition,  we  can  derive  the  basic 
clastic  equations  for  this  problem  [5]; 


-T-i 

:,,(!  +  o)(l  -  2a) 

s  Sr  J_ 

1  —  a 

\Jl%m 

=  constant  (2) 

07 

where  a  is  Poisson’s  ratio  and  .s, ,  is  the  elastic  compli¬ 
ance.  The  solutions  to  Equation  2  are 

r  \  In  p  /  1—0 

P) 

U;  =  CZ 

where  p  =  /?o/'o-  o,  h  and  c  arc  the  integration  con¬ 
stants  which  can  be  determined  from  the  boundary 
conditions:  »- =  r/ji where  is  the  average 
electric  field  in  the  tube  and  £„,  =  2K/[(/?o  +  ro) 
xln(Ro/ro)];  at  r  =  Ro  and  Tq  there  is  no  external 
stress  on  the  tube  wall,  which  implies  T,  =  Q  at  these 
two  boundaries.  Substituting  Equation  3  into  Equa¬ 


tion  I  and  using  the  boundary  conditions,  one  can  get 
(I  -  2cs)ilii  -  of/j, 

“  ‘  — w^) — 

1.  _  r>  ..  r  '^3-1  + 


h  —  —  Rfl/'oEni 


2(1  -  a) 


(4) 

All  the  strain  components  for  the  tube  can  be  obtained 
from  Equations  3  and  4.  Here  we  are  more  interested 
in  finding  out  how  the  tube  outer  diameter  changes 
with  applied  electric  field  as  the  ratio  Ro/ro  varies 
since  in  most  of  the  applications,  this  is  the  quantity  of 
interest.  Substituting  a  and  h  in  Equation  4  into  the 
expression  for  ii,  and  setting  r  =  Ro  yields  the 
displacement  of  the  tube  outer  wall  h,(Ro): 


UriRo)  =  £, 


(Rq  +  ro)r/ji  +  (Ro  —  >'o)‘l}3 


This  equation  reveals  that  i/,(Ro)  can  be  changed  from 
positive  to  zero,  and  to  negative,  by  varying  the  ratio 
of  Ro/i'o- 

To  illustrate  the  advantage  of  using  thin-walled 
tubes  for  actuator  applications,  one  can  compare  the 
piezoelectric  response  of  a  tube  discussed  here  with 
a  rod  of  radius  Rq  and  length  L  subjected  to  the  same 
applied  voltage  V.  For  the  rod,  the  field  is  applied 
along  the  axial  direction  and  ii..  =  djj  F/L  and 
>‘rr  =  <lii  T/i-  For  the  tube  sample,  one  can  equiva¬ 
lently  introduce  the  quantity  ii,/R„  as  the  effective 
strain  in  the  radial  direction: 


».(£o)  _  p  [I  +  {ro/Ro)ldi,  4-  [I  -  (ro/Ro)3./33 
Ro  2 

(5) 

Similar  to  a  rod  sample,  we  introduce  the  effective 
piezoelectric  constants  for  the  tube  as  if  it  were  a  rod 
poled  axially: 


where  L  is  the  axial  length  of  the  tube  and  K  is  the 
voltage  applied  on  the  tube  wall.  From 
and  Equation  5,  the  effective  piezoelectric  constants 
can  be  deduced  as 

(/err  _  (/  _ ^ _ 

""  (Ko  +  ro)ln(Ro/ro) 

(/err  _  _ ^ _ 

(Ro  +  rolInfRo/ro) 

■'  [('  ^  ('  -  0'”] 

For  thin-walled  tubes  with  L  much  larger  than  Rq, 
which  is  the  case  in  most  of  the  applications,  both 
dj}  and  r/i"  can  be  exceptionally  large.  This  demon¬ 
strates  that  the  tubular  structure  has  great  advantage 
over  the  regular  ceramic  rod  for  actuator  application. 
Besides  that,  by  choosing  [I  +  (/•o/Ro)]|r/3i|> 
[I  —  (ro/^olll'/ssl.  Ihc  effective  r/jj  and  r/,,  of  the 
tube  will  have  the  same  sign.  By  adjusting  ilie  ratio 
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Roh'Q,  one  can  also  conlinuously  vary  of  the  tube 
from  positive  to  zero  and  to  negative. 

To  compare  with  the  theoretical  prediction,  the 
displacement  field  n,(/<o)  and  u,,  of  a  radially  poled 
PZT-5  tube  were  measured  using  a  double-beam  laser 
dilatometer  [6],  The  ceramic  tubes  used  were  manu¬ 
factured  by  Morgon  Matroc,  Inc.,  Vernitron  Divis¬ 
ions,  with  Ro  -  0.635  mm  and  rg  =  0.381  mm.  From 
the  data  acquired  and  using  Equations  3,  4  and  5,  we 
gotdjj  =  289pCN-' and  (/j,  =  -  141.3  pC  N' '  for 
the  tube  material.  For  most  of  the  commercially  avail¬ 
able  PZT  materials,  the  ratio  <1^/(1^  ranges  from  2.15 
to  2.3  [7].  The  measured  ratio  here  (daldn  =  2.05)  is 
slightly  below  that  range  which  we  believe  is  the  result 
of  the  approximations  used  in  the  derivation.  The 
effective  piezoelectric  constants  defined  in  Equation  6 
for  the  tube,  therefore,  are  df^  =  -  8 1 80  pC  N  ‘ '  and 
~  ~  3220.5  pC  N  ’ ;  the  two  coelficients  have  the 
same  sign  as  predicted  by  Equation  7  and  they  are 
exceptionally  large. 

The  small  thickness  of  the  tube  wall  also  makes  it 
possible  to  use  electric  field-biased  electrostrictive  ma¬ 
terials  for  the  actuator  application,  since  only  a  small 
bias  voltage  is  required  here  to  induce  substantial 
piezoelectric  responses  in  the  materials.  In  field-biased 
electrostrictive  materials,  it  has  been  shown  that  the 
ratio  of  the  piezoelectric  constants  djj/d,,  is  bias 
field-dependent  [8].  Hence,  for  a  suitable  ratio  Ro/r„, 
by  tuning  the  d.c.  bias  field  level,  both  sign  and 
magnitude  of  d)'[  of  the  tube  can  be  varied. 

3.  The  hydrostatic  response  of 
end-capped  tubes 

The  availability  of  small-sized  ceramic  tubes  makes 
it  attractive  to  integrate  them  into  1-3  type 
piezoceramic-polymer  composites  for  large-area 
applications  and  to  provide  more  flexibility  for  further 
material  property  modification.  Before  a  detailed  dis¬ 
cussion  on  the  composite  properties,  wc  will  derive  the 
expression  for  the  hydrostatic  response  of  end-capped 
tubes  in  this  section  since  this  is  the  most  commonly 
used  mode  of  piezo-tubes  as  hydrostatic  sensors 
[9, 10].  Again  here,  the  ratio  Ro/fo  provides  a  con¬ 
venient  way  to  adjust  the  piezoelectric  response  of  the 
sensor  in  the  radial  direction. 

Similar  to  the  derivations  presented  in  the  preced¬ 
ing  section,  the  displacement  field  of  a  tube  under 
hydrostatic  pressure,  when  expressed  in  the  cylindrical 
coordinate  system,  is  u*  =  0  and  u  =  u,(r)r  +  ujz)£. 
(For  an  isotropic  material,  this  is  the  exact  form  of  the 
displacement  field  and  for  a  poled  ceramic  tube,  the 
error  in  using  this  form  of  the  displacement  field,  as 
will  be  shown  later,  is  less  than  10%.)  Since  all  the 
external  forces  arc  applied  on  the  surfaces  of  the  tube, 
there  is  no  internal  body  force  in  the  tube  wall  and 
Equation  2  becomes 


1  /  0(rii,)\  du 

Sr  J  02 

The  solutions  to  the  equations  are 


=  const.  (8) 


The  non-zero  slraiii  componcnl.s  arc 
h  h 


where  </,  h  and  c  arc  the  iiilcgralioii  consianls.  'I  hc 
boundary  condilions  which  will  be  u.scd  lo  dclcrminc 
them  are:  since  the  two  ends  of  the  lube  arc  scaled, 
there  is  no  pressure  inside  ihe  lube  and  al  r  =  /•„. 
I,  =  0;  al  r  =  /{„,  /;  =  —  p-^  and  al  e  =  0  and  ;  =  I, 
the  stress  in  the  axial  direction  is  7'.= 
~pRol{Ru  —  'o).  where  —  p  is  the  applied  hydros¬ 
tatic  pressure.  For  the  purpose  of  comparison,  wc  will 
dclcrminc  the  intcgralion  consianls  a.  h  and  c  in 
Equation  9  for  both  elastically  isotropic  tubes  and 
anisotropic  lubes.  For  the  anisotropic  lube,  the  consti¬ 
tutive  relations  arc 

T:  =  eiiH..  -f  +  i'lillrr 

—  t'jjl(„  -I-  t'ljl/.. 

—  C|2»rj  +  -i-  C|J,I(„  (11) 

where  Cjj  arc  the  elastic  stiffness  coefficients  of  the 
poled  ceramics.  Following  the  convention  in  the 
literature,  in  Equation  II,  3  is  referred  lo  the  poling 
direction  (f  direction),  I  the  f  direction,  and  2  the 
4)  direction.  Substituting  the  strain  components  in 
Equation  10  into  Equation  II  and  omitting  the  term 
in  T:  having  r  dependence,  one  can  obtain  </,  />,  <•; 

„  =  -7  ( - £!.:'  ~  ^ 

Ro  —  fo \t|j(‘'|2  -I-  I'lj)  —  (',|(e|3  -f  fjj)/ 

(12a) 

,  -I'oRof  p  \ 

=  kTTTI  )  (‘2b) 

“O  —  'o  \t  —  t  13/ 

f  =  _ ] 

Ro  —  '■o\‘l3(‘l2  +  C,3)  -  C,,(t'ij  +  C3i)J 


Therefore,  the  stress  distribution  in  the  tube  is  given 
by 


-pKlf.  'i\ 
Rl-ri\  r^J 

—  pRu  .  cf3  -f  0^2 

(13a) 

~  <  fi  ~  C12C33 

^0  ~  I’o  _Cl3(t'l2  +  Ci3 

)  ~  Cll(Cl3  +  C3j) 

1 

r» 

—i 

C33  -  Cl3V''Vj 

(13b) 

-pRo 

Ro  -  rh 

(13c) 

u,  =  or  -I-  -  Uj  =  cz 
r 


In  writing  down  Equation  13c,  wc  omitted  a  term 
(Ci2  -  ‘■l3)b/r^  which  is  less  than  7%  of  the  total  /.. 
Since  itself  is  one  of  the  boundary  condition  used  to 
derive  the  integration  constants  a,  h  and  c  and  is  equal 
to  —pRo/{Ro  —  '"o).  flic  appearance  of  this  extra  term 
in  the  expression  for  derived  using  Equations  1 1 
and  12  is  clearly  unphysical  and  is  the  error  resulted 
from  the  approximation  made  regarding  the  displace¬ 
ment  field  for  the  tube  under  hydrostatic  pressure. 
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However,  the  smtill  size  of  this  error  (less  than  7%) 
indicates  the  valitiity  of  tliis  approximation. 

I'rom  tlie  stress  distribution  equations,  the  hydro- 
sttitic  response  of  tlie  tube  can  be  calculated  from  the 
relation 

Di  =  +  iliiT,  (14) 

where  Dj  is  the  electric  displacement  in  the  poling 
direction.  The  value  of  the  hydrostatic  piezoelectric 
constant  r/,,  can  be  found  by  taking  the  average  charge 
produced  in  the  inner  and  outer  surfaces  of  the  lube 
wall  and  dividing  it  by  the  outer  surface  area  of  the 
tube.  This  yields,  from  Equation  14, 


In  Equation  15,  we  have  taken  the  tube  outer  surface 
as  the  total  elcctrodcd  area  to  calculate  d^.  Using  the 
elastic  stilTncss  coclEicicnts  for  PZT-5H  [7],  for  a  lube 
with  Ro  =  0.635  mm  and  c,,  =  0.381  mni,  Equation  15 
predicts  dh  =  —  657  pC  N  "  ‘  or  2Ad,^, .  If  the  tube  R(, 
is  doubled  while  keeping  the  wall  thickness  the  same, 
the  dh  value  can  reach  -1786pCN‘'.  Hence,  for 
thin-walled  tubes,  an  exceptionally  large  hydrostatic 
response  can  be  achieved. 

Equation  13  can  be  reduced  to  the  stress  field  of  an 
elastically  isotropic  tube  by  using  the  isotropic  condi¬ 
tions  c,,  =  cjj,  <12  =  Cij.  It  can  be  shown  that  the 
result  thus  obtained  is  the  exact  solution  to  the  tube 
stress  field,  and  similarly  d^  can  be  found  by  simplify¬ 
ing  Equation  15  using  the  isotropic  condition 


For  the  PZT-5H  lube  just  calculated,  the  calculated 
dh  value  is  -594pCN"‘  (2.17(/3,)  when  Equa¬ 
tion  16  is  used. 

Experimental  measurements  were  performance 
on  several  PZT-5  tubes  (Rq  =  0.635  mm  and 
ro  =  0.381  mm)  with  two  ends  sealed  and  radially 
poled  (the  dielectric  constant  c  for  this  group  of 
sample  is  around  1700  at  atmospheric  pressure).  <4 
was  measured  through  the  direct  piezoelectric  clTcct, 
where  the  charge  induced  on  the  electrodes  of 
a  sample  is  measured  when  the  sample  is  subjected 
to  a  hydrostatic  pressure.  (/.,i  and  </jj  were  meas¬ 
ured  using  a  double-beam  laser  interferometer  [6]. 
For  this  group  of  samples,  dh  was  in  the  range  from 
-330  to  -40flpCN'‘  and  </.,,  from  -140  to 
—  160pC N" Th^  ratio  between  the  experimentally 
measured  <4  and  ,  (on  average)  is  2.45,  which  is  very 
close  to  that  preuiclcd  from  Equation  15.  Clearly,  to 
make  a  quantitative  prediction  about  the  hydrostatic 
response  of  a  tubular  structure,  one  may  be  required 
to  include  the  elastic  anisotropy  in  the  calculation. 

By  analogy  with  the  situation  discussed  in  the  pre¬ 
ceding  section,  by  varying  the  ratio  of  Rq/'o  one  can 


also  manipulate  the  response  of  the  tube  to  the  stress 
field  in  the  radial  direction.  Here,  we  will  use  the  result 
Just  derived  for  the  hydrostatic  response  of  a  tube  as 
an  example.  In  Equation  14,  the  hydrostatic  respon.se 
of  a  tube  comes  from  three  terms:  one  is  from  the 
pressure  in  the  axial  direction  and  the  other  two  from 
the  pressure  in  the  radial  direction.  The  electric  dis¬ 
placement  D'i  due  to  the  pressure  in  the  radial  direc¬ 
tion  is 

D3  =  <(31 T  di^Ty 

Using  the  result  of  Equation  (13)  and  taking  the  aver¬ 
age  charge  produced  at  the  tube  inner  wall  and  outer 
wall,  one  can  obtain  the  partial  piezoelectric  response 
d'  of  the  lube  to  the  pressure  in  the  radial  direction 


Obviously,  the  opposite  sign  of  1/33  and  d^i  provides 
a  convenient  way  to  change  d'  in  Equation  17.  One 
can  easily  verify  that  by  varying  the  ratio  Ro/ro,  d' 
changes  continuously  from  positive  to  zero,  and  to 
negative.  Taking  the  elastically  isotropic  tube  as  an 
example  and  assuming  da/dn  =  2.2  in  Equation  17, 
when  fo/Ro  =  0.375,  d'  becomes  zero.  That  is,  the  lube 
now  becomes  insensitive  to  the  pressure  wave  in  the 
radial  direction.  Similar  to  the  actuator  case,  for  suit¬ 
able  ratio  of  ro/Ro,  one  can  also  change  the  sign  of  the 
effective  radial  response  here  by  using  elecirostrictivc 
materials  with  different  d.c.  bias  field  levels.  This  re¬ 
sult,  as  well  as  the  result  in  the  preceding  section, 
indicates  that  the  range  of  the  effective  piezoelectric 
properties  of  the  materials  can  be  considerably 
broadened  by  using  tubular  structures. 

To  calculate  the  hydrostatic  figure  of  merit  </h(/h  for 
this  tubular  sensor,  we  notice  that  in  practice,  the 
quantity  is  a  measure  of  the  product  of  the  charge  and 
voltage  produced  in  unit  volume  of  material.  For 
a  tubular  material  its  effective  volume  is  itRlL,  where 
L  is  the  tube  length  when  the  end-capped  lube  is 
regarded  as  a  rod  with  its  radius  equal  to  Rq.  The 
capacitance  of  the  lube  is 

27tZ,CoE 

In  (Ro/ro) 

where  r.  is  the  dielectric  constant  of  the  material.  Since 
the  total  charge  produced  by  the  tube  is  equal  to 
2itRoT<4  and  the  voltage  is  equal  to  this  charge 
divided  by  the  capacitance  of  the  tube,  the  effective 
figure  of  merit  for  the  tube  is 


(’8) 
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Here,  we  have  used  the  result  for  an  isotropic  tube 
(Equation  17).  One  can  easily  expand  the  result  to 
elastically  anisotropic  materials.  Clearly,  for  a 
thin-walled  tube  a  large  figure  of  merit  can  be  ob¬ 
tained. 


4.  1-3  tubular  composites 

A  typical  1-3  tubular  composite  is  schematically 
drawn  in  Fig.  2.  For  the  composite  discussed  here,  the 
tubes  are  radially  poled  and  the  composite  is  elcc- 
troded  on  the  two  end-faces.  Hence,  a  special  arrange¬ 
ment  is  required  to  ensure  proper  electric  connections 
between  the  electrodes  at  the  tube  walls  and  the  com¬ 
posite  end-faces.  This  kind  of  composite  can  be  used 
for  large-area  actuator  and  sensor  applications,  as  well 
as  “smart”  materials  where  both  sensor  and  actuator 
arc  integrated  into  one  structure.  In  this  section,  we 
only  discuss  the  properties  associated  with  sensor 
applications. 

When  tubes  are  integrated  into  a  1-3  type 
ceramic-polymer  composite,  as  has  been  demon¬ 
strated  in  our  earlier  publications,  there  is  a  stress 
transfer  between  the  polymer  matrix  and  the  ceramic 
tubes  in  the  z  direction  [II,  12].  This  stress  transfer  is 
a  result  of  the  dilTercnce  in  the  elastic  constants  be¬ 
tween  the  two  constituent  phases  and  is  through  the 
shear  force  in  the  two  phases.  Due  to  this  stress  trans¬ 
fer,  the  piezoelectric  response  of  the  tube  in  the  axial 
direction  is  enhanced.  To  provide  a  physical  picture  of 
how  the  hydrostatic  response  of  a  tubular  1-3  com¬ 
posite  changes  as  the  elastic  properties  of  the  two 
constituent  phases  and  their  geometric  parameters  are 
varied,  we  will  treat  quantitatively  the  composite  sche¬ 
matically  drawn  in  Fig.  3.  This  composite  corresponds 
to  the  tubular  composite  in  the  dilute  limit.  However, 
since  only  the  polymer  matrix  close  to  the  ce¬ 
ramic-polymer  interface  participates  the  stress  tran.s- 
fer,  the  result  can  also  be  applied  to  the  composite 
with  finite  ceramic  content. 

The  procedure  of  calculating  how  much  stress  is 
transferred  from  the  polymer  phase  to  the  ceramic  rod 


Ceramic  tubes 


Figure  2  Schematic  drawing  of  1-3  tubular  composite  where  the 
ceramic  lubes  arc  embedded  in  a  polymer  matrix.  The  ceramic  lubes 
arc  eilhei  .  ad-capped  or  filled  inside  with  epoxy. 


Figure  J  A  single  lube  I  .1  composite.  The  ceramic  lube  is  end- 
capped. 


is  similar  to  that  outlined  in  the  earlier  publications. 
[11.12].  Under  hydrostatic  pressure  />,  the  surface 
displacement  held  ir.  of  the  polymer  phase  in  the 
z  direction  should  satisfy  the  equation 

2i<- 

-r  =  -(■'n  +  2.s,2)p 


where  p  is  the  hydrostatic  pressure,  .s,y  is  the  clastic 
compliance  of  the  polymer  phase.  )i  is  the  shear 
modulus  of  the  polymer  phase,  and  L  is  the  thickness 
of  the  composite  in  the  ;  direction.  The  solution  to 
Equation  19  is  the  zero-order  Hankel  function  Adlp) 
and 


L 


(I  -  2a)p 

y 


+  /lfS(,(/‘/^) 


(20) 


where  A  is  the  integration  constant  and 
^  =  L/[2(2 )7p)''^]  defines  the  strain  decay  length  in 
the  polymer  phase.  In  Equation  20  we  have  made  use 
of  the  relations  .Vi2  =  —  o.s,,  and  )’ =  l/.sn,  where 
I'and  o  arc  the  Young’s  modulus  and  Poisson's  ratio 
of  the  polymer,  respectively.  The  total  force  /'  transfer¬ 
red  from  the  polymer  phase  to  the  ceramic  tube  is 
therefore 


/  =  -  1' 


2nrAK„(r/^)dr 


Two  boundary  conditions  arc  needed  to  determine  f. 
The  lirst  one  is  the  boundary  condition  that  at  the 
ceramic  tube-polymer  interface,  the  ;  component  of 
the  strain  in  the  two  phases  should  be  equal,  and  the 
second  is  the  relation  :  uveen  the  c  component  of  the 
strain  in  the  ceramic  ic  and  the  stress  field 


pRl{\  -  2a‘^).s"i,  /.si  I 
'  ”  Ri  -  li  MRi  -  /d) 

where  .Vn  and  cr'^  arc  (he  clastic  compliance  and 
Poisson’s  ratio  of  the  ceramic  tube,  respectively.  Equa¬ 
tion  21  can  be  derived  by  following  the  procedure 
outlined  in  the  preceding  section.  Hence,  the  amount 
of  stress  transferred  from  the  polymer  matrix  to  the 
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ceramic  lube  is 

/  _  pRU-U\  -  2a)/(/^^)V||)  -  (I  -  2ct''')\ 

7t/l()  /!()  \l  +  Av'ol po)/lo/[2Ai.  1  ( Po) )  .s'!  1  Ro^]/ 

(22) 

where  Aq  =  [Rl  —  rl),  Po  =  Rn/i,  and  Al',(p)  is  the 
lirst-order  Hankel  function.  Since  the  polymer  phase 
is  subjected  to  a  hydrostatic  pressure,  the  Poisson’s 
ratio  cITcct  causes  it  reduction  of  the  effective  pressure 
at  the  polymer  faces  from  —  p  to  —  p(I  —  2a).  As 
shown  in  Equation  22,  this  reduces  the  stress  transfer 
from  the  polymer  phase  to  the  ceramic  tube.  To  in¬ 
crease  the  stress  transfer,  one  should  choose  polymers 
with  a  small  Poisson's  ratio.  The  total  stress  in  the 
axial  direction  of  the  tube  is 

_  /lod  -2a)/(«iiyV,i)-(l  -2a^)\ 

/lo  \  1  +  A'o(  pn)''ln/[2Ai.’ i(  po) )  .s'n  f^os]/ 


(23) 


where  y  is  introduced  as  the  stress  amplification  fac¬ 
tor.  In  Fig.  4  wc  plot  y  as  a  function  of  the  aspect  ratio 
Ro/L  for  a  1-3  tubular  composite  made  of  PZT-5H 
tube  with  y?o  =  0.635  mm  and  ro  =  0.381  mm  and 
Spurrs epoxy.  The  data  used  are;  Y  =  3.1  (lO**  N  m"^), 
H  =  1.148  (lO^Nm*^),  and  a  =  0.35  for  spurs  epoxy 
(from  Oakley  [13];  .sj ,  =  1.64  (lO*  "  m^  N' ' )  and 
a  =  0.31  [7].  Apparently,  for  thin  and  long  lubes,  the 
stress  amplication  factor  is  large.  This  is  similar  to  that 
obtained  earlier  for  1-3  composites  made  of  ceramic 
rods  [II,  12], 

Using  the  results  from  section  3  and  Equation  23, 
one  can  write  down  the  elTective  hydrostatic  piezoelec¬ 
tric  strain  coelficicnt  for  1-3  tubular  composites  as 


nr  = 

''0 


I  +  Y  + 


(24) 


where  1’^  is  the  volume  content  of  ceramic  tubes  in  the 
composite  which  is  defined  as  =  nRo/a,  and  ti  is  the 
unit  cell  area  of  the  composite.  For  a  composite  of  low 
ceramic  volume  content,  y  in  Equation  22  is  equal  lo 
that  in  Equation  24.  With  increased  volume  content. 


Figure  4  The  stress  amplilication  factor  y  tF.quation  23)  as  a  func¬ 
tion  of  the  aspect  ratio  Ro/f-  of  the  ceramic  lube  for  llic  composite 
drawn  in  Fig.  3  with  PZT-5H  ceramic  lube  and  spurs  eposy. 


the  dependence  of  y  on  the  material  properties  of  the 
constituent  phases  will  become  more  complicated  and 
one  may  not  be  able  lo  derive  the  analytical  expres¬ 
sion  for  y  except  in  some  special  cases.  In  this  paper, 
wc  will  not  pursue  this  further  and  only  point  out  that 
in  the  composite,  there  is  always  a  stress  transfer 
between  the  two  phases  (y  >  I);  the  general  rule  to 
increase  this  stress  transfer  is  basically  the  same  as 
that  for  the  dilute  composite  case. 

In  the  limit  of  v^-*  I,  Equation  24  is  reduced  lo  that 
for  a  single  tube  when  regarded  as  a  rod  with  similar 
dimensions: 


(25) 

Equation  16  can  be  converted  to  Equation  25  by  using 
the  area  of  the  tube  end  (nRo)  as  the  elTective  electrode 
area  instead  of  the  area  of  the  tube  outer  wall.  Sim¬ 
ilarly,  one  can  also  derive  the  elTective  hydrostatic 
figure  of  merit  for  1-3  tubular  composites  as 


(26) 


As  i\-*  1  (y-+ 1),  the  result  is  reduced  lo  that  for 
a  single  tube  sensor  (Equation  18). 

For  comparison,  in  Table  1  we  present  the  experi¬ 
mental  values  of  the  hydrostatic  response  of  an  end- 
capped  ceramic  tube,  a  1-3  composite  with  tubes 
having  inside  air  backing,  and  a  1-3  composite  with 
tubes  having  inside  epoxy  backing.  All  1-3  composites 
had  a  volume  content  of  23.3%  ceramic  tube  and 
the  dimensions  of  the  tubes  are  Ro  =  0.635  mm. 
To  =  0.381  mm  and  L  =  9  mm.  The  polymer  matrix 
was  made  of  spurs  epoxy.  In  the  composite  with  epoxy 
backing,  the  tube  inside  was  filled  with  Spurrs  epoxy, 
dj,  listed  in  the  table  was  calculated  using  Equa¬ 
tion  25  where  the  ratio  =  2.2  is  used.  From 

this  dji,  y  was  calculated  from  Equation  26.  Clearly, 
the  y  value  here  is  much  smaller  than  that  shown  in 
Fig.  4  [RJL  =  0.07  here).  One  of  the  reasons  for  this  is 
that  Fig.  4  is  for  the  composite  in  the  dilute  limit;  the 
y  value  for  composites  with  a  finite  ceramic  content 
should  be  smaller  than  that  in  Fig.  4.  The  imperfect 
stress  transfer  between  the  two  phases  and  the  depol- 
ing  elTect  of  the  lubes  during  epoxy  curing  may  also  be 
responsible  for  this  reduction  of  y.  Although  the  data 
in  Table  I  show  that  the  hydrostatic  responses  of  the 
composites  tested  are  not  as  high  as  that  of  the  single 
tube,  the  difference  is  not  very  large.  As  the  volume 
content  of  the  ceramic  tube  and  other  parameters  in 
a  composite  are  varied,  the  effective  hydrostatic  figure 
of  merit  for  1-3  tubular  composites  will  change.  In  the 
optimum  condition,  one  would  expect  that  d^'i/"  for 
a  tubular  1-3  composite  may  exceed  that  of  a  single 
tube.  Apparently,  further  experimental  and  theoretical 
work  is  required  i  >  address  this  issue.  1  ludicrmorc, 
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TABLE  1  Hydrostatic  propcrlies  of  Ihe  end-capped  tube  and  1-3  tubular  composites 


c 

‘ll''lpCN-') 

</'''<;"'(IO-'»in'  N-'l 

y 

End-capp>cd  lube 
Composile 

2945 

-  14330 

10000 

-  235 

1 

Air  backing 

2922 

-  5502 

6389 

-  235 

2.11 

Epoxy  backing 

2944 

-  4970 

5172 

-  235 

the  figure  of  merit  of  1-3  tubular  composites  is  much 
higher  than  that  of  1-3  composites  made  of  ceramic 
rods  [12]. 

If  there  was  no  stress  transfer  from  the  polymer 
phase  to  the  ceramic  tubes  in  these  tubular  com¬ 
posites,  one  would  get  for  this  1-3  composite 
d’t!'  =  3339  pC  N  - '  and  = 2353  x  1 0  - '  *  m^  N  - 
which  are  much  smaller  than  the  values  listed  in 
Table  I.  This  clearly  demonstrates  the  importance  of 
the  stress  transfer  between  the  two  phases  in  a  1-3 
composite. 

One  interesting  feature  from  Table  1  is  that  the 
hydrostatic  response  of  the  1-3  tubular  composite 
with  epoxy  backing  does  not  differ  very  much  from 
that  with  air  backing.  That  is,  the  epoxy  filling  inside 
a  tube  does  not  change  the  stress  distribution  in  the 
tube  wall  significantly  except  to  transfer  stress  in  the 
2  direction.  This  can  be  understood  by  considering  the 
following  fact:  the  elastic  moduli  of  the  ceramic  tube 
are  much  higher  than  those  of  epoxy,  and  as  a  result 
the  ceramic  tube  wall  practically  shields  the  epoxy 
filling  inside  the  tube  from  seeing  the  pressure  in  the 
radial  direction.  Conversely,  the  epoxy  inside  the  tube 
does  not  exert  a  significant  amount  of  stress  on  the 
ceramic  tube  wall  in  the  radial  direction.  Therefore, 
the  epoxy  filling  inside  a  tube  provides  an  effective 
way  to  enhance  the  mechanical  strength  while  keeping 
the  hydrostatic  response  of  the  composite  almost 
intact. 


5.  Summary 

In  this  paper,  the  effective  piezoelectric  responses  of 
the  tubular  structure  and  its  composites  were  evalu¬ 
ated  both  theoretically  and  experimentally.  When 
used  as  actuators,  the  effective  piezoelectric  constant 
in  the  radial  direction  of  a  tube  can  be  changed  from 
positive  to  zero  and  to  negative  by  adjusting  the  ratio 
Ko/ro  for  piezoelectric  materials  or  the  d.c.  bias  field 
for  electrostrictive  materials.  Therefore,  the  effective 
piezoelectric  constants  along  the  axial  direction  and 
the  radial  direction  can  both  have  the  same  sign.  For 
sensor  applications,  the  tube  with  two  ends  seated 
exhibits  an  exceptionally  high  hydrostatic  response 
and,  analogous  to  the  situation  with  actuators,  the 
pressure  response  in  the  radial  direction  can  be  ad¬ 
justed  by  the  ratio  Rg/ro  for  piezoelectric  materials  or 


the  d.c.  bias  field  for  the  elcclroslriclive  materials.  For 
large-area  applications,  thc.se  lubes  can  be  readily 
integrated  into  a  1-3  composite  structure  which  pro¬ 
vides  a  low  acoustic  density  and  high  piezoelectric 
activity.  The  clfectiveness  of  the  stress  transfer  be¬ 
tween  the  polymer  phase  and  the  ceramic  tube  in  a  I  3 
composite  makes  it  possible  to  back-fill  the  inside  of 
the  ceramic  tube,  which  increases  the  mechanical  in¬ 
tegrity  of  the  tubular  structure  while  keeping  the 
piezoelectric  response  of  the  composite  almost  intact. 
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ABSTRACT 

In  recent  years,  piezoelectric  and  electrostrictive 
ceramics  have  been  used  in  many  actuators 
applications.  A  new  type  of  composite  actuator, 
which  is  based  on  the  concept  of  a  flextensional 
transducer,  has  been  developed.  (1-6)  This  ceramic- 
metal  composite  actuator,  or  "moonie  consists  of 
either  a  piezoelectric  ceramic  disk  or  a  multilayer 
stack  sandwich  between  two  specially  designed  metal 
end  caps.  This  new  design  provides  a  sizeable 
displacement,  as  well  as  a  large  generative  force.  In 
other  words,  it  bridges  the  gap  between  the  two 
most  common  types  of  actuator;  the  multilayer  and 
bimorph  (7). 

introduction 

The  basic  configuration  of  the  ceramic-metal 
composite  actuator  (moonie)  is  shown  in  Figure  1. 
The  metal  end  caps  serve  as  mechanical  transformers 
for  converting  and  amplifying  the  lateral  motion  of 
the  ceramic  into  a  large  axial  displacement  normal  to 
the  end  caps.  Both  the  d3i  (=d32)  and  d3  3 
coefficients  of  the  piezoelectric  ceramic  contribute  to 
the  axial  displacement  of  the  composite. 


circumference,  taking  care  not  to  fill  the  cavity  or 
short  circuit  the  electrodes.  Composite  actuators  were 
also  stacked  together  to  get  higher  displacement  by 
using  silver  epoxy  at  the  centers  of  end  caps. 

The  displacement  of  the  composite  actuator  in  the 
low  frequency  range  was  measured  with  a  Linear 
Voltage  Differential  Transducer  (LVDT)  having  a 
resolution  of  approximately  0.05  pm.  The  effective 
piezoelectric  coefficient,  which  is  a  device  property, 
was  measured  at  the  center  of  the  samples  using  a 
modified  Berlincourt  d33  meter  at  a  frequency  of 
100  Hz.  Resonant  frequencies  were  obtained  with  a 
Hewlett-Packard  Spectrum  Analyzer  HP-3585A  or 
Network  Analyzer  HP-3577 A. 


The  composite  actuators  were  made  from  electroded 
PZT-5A,  PMN-PT,  or  multilayer  ceramic  disks  (11- 
12.7  mm  in  diameter  and  1  mm  thick)  and  end  caps 
(1 1-12.7  mm  in  diameter  with  thickness  ranging  from 
0  3  to  3.0  mm).  Shallow  cavities  8.5  to  9.0  mm  in 
diameter  and  about  200  pm  center  depth  were 
machined  into  the.  inner  surface  of  each  of  the  end 
caps.  The  end  caps  were  machined  from  brass, 
phosphor  bronze,  and  acrylic.  The  ceramic  disk  and 
the  end  caps  were  bonded  together  around  the 


Figure  1.  The  geometry  of  the  ceramic-metal 
composite  actuator  “Moonie”.  Arrows  describe  the 
direction  of  displacement. 


commercially  available  FEA  programs  (ANSYS 
5AP90)  were  used  in  this  study  for  frequency 
,nse  analysis.  The  relationship  between 
ttance  and  frequency  was  calculated  using  3-U 
-mmetric  piezoelectric  elements  m  ANSYS.  For 
lisplacement  analysis,  the  relationship  between 
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displacement  and  applied  electric  field  was  calculated 
using  2D  axisymmetric  elements  in  SAP90.  Each 
model  was  divided  into  three  parts:  the  end  cap,  the 
PZT  ceramic,  and  the  bonding  layer.  Material 
parameters  used  in  this  analysis  were  Young’s 
modulus,  density,  Poisson's  ratio,  piezoelectric 
constants,  and  dielectric  constants. 

EXPERIMENTAL  RESULTS 

Thickness  Dependence  of  Displacement  Values 

Figure  2  shows  the  displacement  at  the  cap  center  for 
composite  actuators  with  different  brass  thickness  at 
the  same  electric  field,  1000  kV/mm.  The  results 
show  that  a  composite  actuator  with  0.30  mm  brass 
thickness  can  produce  a  displacement  about  20  times 
larger  than  that  of  PZT  alone.  The  displacement 
amplification  is  inversely  related  to  the  thickness  of 
the  metal  end  caps.  FEA  calculation  agreed  very  well 
with  the  experimental  results. 


•  OJ  I  IJ  3  2J  J  3J 
Btm  IhkkiMM  (M) 


Figure  2.  Comparison  of  the  displacement  calculated 
by  FEA  with  experimental  results  as  a  function  of 
end  cap  thickness. 

Frequency  Response  of  a  Moonie  Actuator 

From  the  frequency  response  analysis,  the  lowest 
three  resonant  frequencies  were  calculated.  Figure  3 
shows  the  admittance  spectrum  of  the  moonie  plotted 
as  a  function  of  the  frequency  from  10  to  300  kHz. 
The  resonance  peaks  appearing  at  50,  187,  and  210 
kHz,  correspond  to  the  lowest  three  flextensional 
vibration  modes.  The  first  flextensional  mode  can  be 
effectively  utilized  up  to  nearly  50  kHz.  Based  on 


these  results,  the  coupling  coefficient  of  the  first 
mode  was  calculated  to  be  20%. 


Frfqutncy  (kHz) 


Figure  3.  Admittance  spectrum  of  the  moonie  (FEA  ) 

Figure  4  compares  the  first  flextensional  resonant 
frequency  calculated  by  FEA  with  those  obtained 
experimentally,  for  a  range  of  brass  end  cap  thickness. 
FEA  calculation  agreed  very  well  with  the 
experimental  results.  The  first  resonant  frequency  is 
approximately  proportional  to  the  square  root  of  the 
brass  end  cap  thickness. 


BriM  ihkkMM  (mm) 


Figure  4.  End  cap  thickness  dependence  of  first 
resonance  frequency. 

Load  Effect  on  Displacement  of  a  Moonie  Actuator 

Normally,  the  displacement  decreases  when  a  load  is 
applied  to  the  actuator.  Figure  5  shows  the 
displacement  profile  across  the  exterior  surface  of  the 


510  -  1993  ULTRASONICS  SYMPOSIUM 


becomes  possible  to  tailor  the  desired  actuator 
properties  by  changing  the  contact  area  over  the  brass 
end  caps. 


moonie  when  four  different  loads  are  applied  over  an 
area  3  mm^  under  an  applied  E-field  of  1  kV/mm.  By 
increasing  the  load,  the  center  displacement  is 
gradually  suppressed.  The  calculated  maximum 
generative  force  of  the  moonie  is  300  gf. 


Distance  from  the  center  (mm) 


Figure  5.  Calculated  displacement  profile  across  the 
exterior  surface  of  the  moonie  actuator  under  the 
application  of  different  loads. 


Applied  Force  (gf) 


Figure  6.  Displacement-applied  force  relation. 


Even  though  the  flexural  motion  and  displacement  are 
the  largest  at  the  center  of  the  end  caps,  the  generative 
force  is  low.  Fig.  6  shows  the  applied  force- 
displacement  relation  of  a  moonie  actuator  operated  at 
1  kV/mm.  A  moonie  actuator  with  0.30  mm  thick 
brass  caps  can  withstand  210  gf  while  sacrificing 
20%  of  its  displacement  value  (load  applied  at  the 
center  of  the  end  caps  over  1  mm^).  The  maximum 
generative  force  of  the  moonie  actuator  with  0.30  mm 
thick  brass  end  caps  should  be  around  350  gf  (i.e.  the 
intercept  on  the  force  axis).  The  reason  for  the 
saturation  near  150  gf  is  probably  due  to  the 
increasing  contact  surface  of  the  LVDT  measurement 
tip. 


The  position  dependence  of  displacement  is  shown  in 
Fig.  7  for  the  moonie  actuator  with  0.30  mm  thick 
brass  end  caps.  A  displacement  of  about  22  pm  was 
obtained  at  the  center  of  the  moonie.  Displacement 
decreases  dramatically  when  moving  from  the  center 
to  the  edge.  Conversely,  generative  force  increases 
when  moving  from  the  center  to  the  edge,  where  it 
approaches  that  of  PZT  ceramic.  Therefore,  it 


Distance  from  the  center  (mm) 

Figure  7.Position  dependence  of  maximum  generative 
force  and  displacement. 


Four  end  cap  materials:  brass,  aluminum,  stainless 
steel  and  plastic  were  used  for  estimating  their  effect 
on  the  displacement  of  the  moonie  actuator.  Since 
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they  have  different  densities,  Poisson's  ratios,  and 
Young's  modulus,  displacement  is  expected  to  be 
different  for  each  end  cap  material. 

Fig.  8  shows  the  effect  of  cap  material  on  the 
displacement  of  the  moonie  actuator  as  a  function  of 
the  cap  thickness  when  applying  a  IkV/mm  electric 
field.  It  is  observed  that  the  lower  the  Young's 
modulus,  the  higher  the  displacement  over  the  entire 
cap  thickness  range.  All  three  metals,  stainless  steel, 
brass,  and  aluminum,  show  little  difference  in 
displacement  when  greater  than  0.5  mm  thick.  Below 
a  thickness  of  0.5  mm,  differences  in  displacement 
appear. 


Figure  8.  The  effect  of  end  cap  material  on  the 
displacement  value  of  moonie  actuator. 

Multistacked  Moonie  Actuator 

A  doubly  stacked  moonie  actuator  was  fabricated  by 
bonding  together  with  silver  epoxy  two  identical 
brass  capped  moonie  actuators  at  the  center  of  the 
cap.  Figure  9  shows  the  displacement  versus  electric 
field  curves  for  a  doubly-stacked  actuator  driven  by 
PZT-5A.  A  displacement  of  about  40  ftm  was 
obtained  under  an  electric  field  of  1  kV/mm,  which  is 
almost  twice  the  simple  moonie  displacement  and 
nearly  20  times  that  of  an  uncapped  ceramic. 
Displacement  for  the  uncapped  ceramic  is  also  shown 
for  comparison. 


Figure  9.  Displacament  characteristic  of  a  doubly- 
stacked  moonie  actuator . 

Integrated  Sensor  and  Actuator 

By  integrating  both  sensing  and  actuating  functions 
into  a  single  composite,  the  moonie  device  can  be 
utilized  for  active  vibration  control.  The  prototype 
design  (Fig.  10)  consists  of  a  0.10  mm  thick  PZT-5A 
sensor,  2.5  mm  on  edge,  imbedded  within  the  upper 
end  cap  of  a  standard  moonie  actuator  (1 1  mm  in 
diameter,  3mm  thick).  External  sinusoidal  vibrations 
normal  to  the  end  cap  surface  are  detected  by  the 
sensor.  Then,  via  a  feedback  loop,  a  signal  of 
appropriate  amplititude  and  phase  is  applied  to  the 
actuator  so  that  it  effectively  cancels  the  external 
vibration. 

The  sensitivity  of  the  sensor  was  found  by  applying 
a  sinusoidal  AC  electric  field  to  the  actuator  portion 
of  the  device  and  observing  the  subsequent  vibration 
signal  on  an  oscilloscope.  The  minimum  and 
maximum  electric  fields  into  the  moonie  actuator  for 
which  the  sensor  could  detect  a  sinusoidal  vibration 
signal  were  2(X)  mV/mm  and  370V/mm,  respectively. 
These  minimum  and  maximum  electric  fields  thus 
define  the  dynamic  displacement  range  that  the  sensor 
is  capable  of  detecting  as  being  between  0.35  nm  and 
0.65  pm  (as  calculated  by  finite  element  analysis) 
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Figure  10.  Integrated  sensor  and  actuator. 

The  data  in  Figure  1 1  show  that  when  the  feedback 
circuit  is  activated,  the  prototype  integrated 
sensor/actuator  design  can  completely  suppress  the 
effects  of  an  external  vibration  between  100  Hz  and  at 
least  2500  Hz.  Over  this  frequency  range,  the  electric 
field  applied  to  the  moonie  actuator  was  nearly 
constant  and  its  phase  shift  remained  at  nearly  180* 
due  to  the  short  propagation  time  as  a  result  of  the 
moonie  actuator  being  in  close  proximity  to  the 
external  vibration. 
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Figure  11.  Sensor  signal  response  both  with  and 
without  the  feedback  circuit  activated. 
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Abstract  The  two  most  common  type  of  piezoelectric  actuators  are  the 
multilayer  actuator  with  internal  electrodes  and  the  cantilevered  bimorph 
actuatorf'l.  a  new  type  of  composite  ceramic  actuator  is  the  multilayered 
multistacked  moonie  (multi-multi  moonie).  Normal  multilayer  actuators  produce  a 
large  generative  force,  but  only  a  small  displacement.  Conversely,  bimorphs 
produce  large  displacements  but  the  forces  are  very  small.  The  moonie  actuator 
combines  the  advantages  of  both,  producing  a  large  displacement  as  well  as  a 
reasonably  large  generative  force. 

INTRODUCTION 

The  objective  of  this  work  was  to  fabricate  and  to  evaluate  the  performance  of  a 
composite  actuator  that  combines  the  piezoelectric  d  33  and  dj ,  coefficients  of  a  ceramic 
disk  to  generate  large  displacements  with  moderately  high  force.  Figure  1  shows  the 
basic  configuration  of  the  ceramic-metal  composite  actuator  (moonie).  The  composite 
actuator  is  called  the  “moonie”  because  the  shallow  cavities  under  the  metal  endcaps 
are  shaped  like  half  moons  The  metal  end  caps  serve  as  mechanical  transformers 
for  converting  and  amplifying  the  lateral  motion  of  the  ceramic  into  a  large  axial 
displacement  normal  to  the  end  caps.  Both  the  d3|  and  d33  coefficients  of  the 
piezoelectric  ceramic  contribute  to  the  axial  displacement  of  the  composite. 

Sample  Prenaration 

The  composite  actuators  were  made  from  electroded  PZT-5A  (Piezo  Kinetics  Co.)  disks 
(12.7  mm  in  diameter  and  1mm  thick)  and  brass  end  caps  (  12.7  mm  in  diameter  with 
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thicknesses  ranging  from  0.3  to  2.5  mm).  Shallow  cavities  9.0  mm  in  diameter  with  a 
200  gm  center  depth  were  machined  into  the  inner  surface  of  each  of  die  caps.  The  PZT 
disk  and  the  end  caps  were  bonded  around  the  circumference  using  Emerson 
Gumming  epoxy  (Eccobond  45LV),  taking  special  care  not  to  fill  the  cavity.  The 
thickness  of  the  epoxy  bonding  layer  was  approximately  20  pm.  Moonies  with  a 
multilayer  actuator  instead  of  a  ceramic  disk  were  also  fabricated  by  a  similar  process  in 
order  to  decrease  the  applied  voltage. 


FIGURE  1.  The  geometry  of  the  ceramic-metal  composite  actuator  “Moonie". 
Arrows  describe  the  direction  of  displacement. 

Measurement  Technique 

The  displacement  of  the  composite  actuator  was  measured  using  a  Linear  Voltage 
Differential  Transducer  (LVDT)  at  0.01  Hz.  which  had  a  resolution  of  approximately 
0.05  pm.  Results  were  confirmed  by  an  eddy  current  type  non-contact  displacement 
transducer.  For  generative  force  measurements,  force  was  applied  to  the  surface  of  the 
moonie  using  a  wide  angle  curved  tip  with  diameter  12  mm  and  the  experiment  was 
stopped  before  causing  any  permanent  deformation  to  the  end  caps.  The  piezoelectric 
coefficient  dj  3  was  measured  at  the  center  of  the  sample  using  a  modified  Berlincourt 
djj  meter  at  a  frequency  of  100  Hz.  The  same  coefficient  was  measured  by  converse 
piezoelectric  effect  using  a  double  beam  laser  interferometer.  The  results  were  in  good 
agreement. 
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hAPERIMENTAL  RESULTS 

Thickness  Dependence  of  Displacement  Values 

Figure  2  shows  the  displacement  at  the  cap  center  versus  electric  field  for  composite 
actuators  with  different  brass  thicknesses.  The  displacement  of  the  uncapped  PZT 
ceramic  is  also  shown  for  comparison.  The  results  show  that  a  composite  actuator  with 
0.30  mm  brass  thickness  can  produce  a  displacement  about  20  times  larger  than  that  of 
PZT  alone.  The  displacement  amplification  is  inversely  related  to  the  thickness  of  the 
metal  end  caps.  FEA  calculation  agreed  very  well  with  the  experimental  results. 

Thickness  Dependence  of  Effective  dj^  and  Re.sonance  Frequency 
Figure  3  shows  the  dependence  of  the  effective  d  jj  coefficient  and  the  first  resonance 
frequency  on  brass  thickness.  The  effective  djj  is  inversely  proportional  to  h^ 
{h,„=metal  end  caps  thickness),  and  the  first  resonance  frequency  is  roughly  proportional 
to  (h„)’^.  By  reducing  the  thickness  of  the  end  caps,  the  effective  djj  values  increase 
dramatically.  An  effective  piezoelectric  djj  coefficient  of  about  13,000  pC/N, 
approximately  30  times  that  of  PZT-5A,  was  obtained  for  a  brass  thickness  of  0.30  mm. 
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FIGURE  2.  Displacement  -  brass  endcaps  thickness  relation  (on  the  Left ) 
FIGURE  3.  Effective  djj  &  resonance  freq.  -  brass  end  caps  thickness  relation 
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Maximum  Generative  force  of  the  Moonie 

Even  though  the  flexural  motion  and  displacement  are  the  largest  at  the  center  of  the 
moonie,  the  generative  force  is  low.  Figure  4  shows  the  applied  force-displacement 
relation  of  a  moonie  actuator  operated  at  1  kV/mm.  A  moonie  actuator  with  0.30  mm 
thick  brass  caps  can  withstand  a  210  gf  while  sacrificing  20%  of  its  displacement  value 
(load  applied  at  the  center  of  the  end  caps  over  1  mm^).  The  maximum  generative  force 
of  the  moonie  actuator  with  0.3  mm  thick  brass  end  caps  should  be  around  350  gf  ( i.e 
the  intercept  on  the  force  axis  ).  The  reason  for  the  saturation  near  150  gf  is  probably 
due  to  the  increasing  contact  surface  of  the  LVDT  measurement  tip. 


Trade-off  Between  Maximum  Generative  Force  and  Displacemenl 
The  position  dependence  of  displacement  is  shown  in  Figure  5  for  the  moonie  actuate, 
with  0.30  mm  thick  brass  end  caps.  A  displacement  of  about  22  pm  was  oDtained  at 
the  center  of  the  moonie.  Displacement  decreases  dramatically  when  moving  from  the 
center  to  the  edge.  Conversely  generative  force  is  smaller  at  the  center  of  the  moonie 
actuator.  The  generative  force  increases  when  moving  from  the  center  to  the  edge, 
where  it  approaches  that  of  PZT  ceramic.  Therefore,  it  is  possible  to  tailor  the  desired 
actuator  properties  by  changing  the  contact  area  over  the  brass  end  caps. 


Dislanca  From  Tho  Center 


FIGURE  4.  Displacement-applied  force  relation  ( on  the  left ) 

FIGURE  S.Position  dependence  of  max.  generative  force  and  displacement 
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Multilayer  Multistacked  Moonie  Actuator 

A  multilayer  actuator  can  also  be  used  as  the  ceramic  element  in  the  moonie  design, 
making  it  possible  to  decrease  the  applied  voltage  without  losing  the  high  displacement. 

A  moonie  with  a  multilayer  is  called  a  “multilayer  moonie”.  Even  higher  displacement 
values  can  be  obtained  by  stacking  multilayer  moonies  together,  which  is  called  a 
“multi-multi  moonie”.  Figure  6  shows  the  basic  design  of  the  multi-multi  moonie.  The 
displacement  characteristics  of  different  actuators  with  the  same  size  and  under  the  same 
applied  voltage  are  compared  in  Figure  7.  The  multi-multi  moonie,  which  has  a  10  mm 
diameter  and  10  mm  total  thickness  and  consists  of  5  multilayer  moonie,  shows  more 
than  105  pm  displacement.  However,  the  interstacke  bonding  layers  cause  an  increase  in 
hysteresis  and  a  reduction  in  the  total  displacement.  A  standard  multilayer  actuator  of  the 
same  thickness  shows  only  a  7.5  pm  displacement.  Therefore,  it  is  possible  to  amplify 
the  displacement  value  almost  15  times  using  the  multi-multi  moonie  design. 
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FIGURE  6.  Structure  of  multilayer-multistacked  moonie  (on  the  left) 
FIGURE  7.  Comparison  of  displacement  values  of  several  actuators 
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CONCLUSION 

Three  important  criteria  for  actuators  are  displacement,  generative  force,  and  response 
time.  The  properties  of  the  moonie  actuator  ( 10  mm  in  diameter  with  0.3  mm  thick  end 
caps,  =1.7  mm  in  total  thickness)  can  be  summarized  as:  displacement  =22  pm, 
maximum  generative  force  =350  gf.  response  time  =100psec.  Moreover,  there  is  a 
tradeoff  among  these  criteria.  The  moonie  actuator  gives  displacement  of  22  to  over 
100  pm,  maximum  generative  force  of  350  gf  to  several  kgf,  and  response  time  of  20 
to  100  psec.  By  altering  some  of  the  dimensions  on  the  moonie  design,  it  is  easy  to 
tailor  an  actuator  with  desired  properties.  Figure  8  compares  the  important 
characteristics  of  the  two  most  common  actuators  with  the  moonie  actuator.  The  moonie 
actuator  is  a  versatile  performer  that  fills  the  gap  between  the  multilayer  actuator  and  the 
bimorph  actuator  and  covers  a  wide  range  in  the  actuator  field. 
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FIGURE  8.  Comparison  of  multi-multi  moonie  with  other  actuators 
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ABSTRACT 

Muitilayer  structures  have  been  investigated  intensively  in  the  application  fields  of 
ferroelectric  ceramics;  dielectrics,  piezoelectrics  and  electrooptics.  General  problems  for 
manufacturing  actual  devices  are  discussed  and  possible  solutions  are  introduced  in  this 
paper,  focusing  on  particle  and  grain  size  effects  on  properties,  electrode  materials  and 
designs,  and  reliability  issues  of  hybrid  structures.  Key  words  to  the  future  trend  will  be  “finer" 
and  'hybridization.' 


INTRODUCTION 

In  the  recent  application  fields  of  ferroelectric  ceramics,  multilayered  structures  habe  been 
investigated  intensively,  aiming  at  miniaturization  and  hybridization  of  the  devices.  Rgure  I 
exemplifies  multilayer,  multimorph  and  multi-moonie  structures.  This  paper  reviews  the 
applications  of  these  divices  first,  then  the  preparation  processes,  and  finally  current 
problems  are  pointed  out  and  possible  solutions  are  introduced. 

Key  words  to  the  future  trend  will  be  "finer*  and  "hybridization."  Layers  thinner  than  10  pm  will 
be  used  instead  of  the  present  100  pm  sheets.  Non-uniform  configurations  or  hetero- 
structures  of  the  materials,  layer  thickness  or  the  electrode  pattern  will  be  adopted  for  practical 
devices. 

APPLICATIONS  OF  MULTILAYERED  CERAMICS 

Multilayered  structures  are  widely  utilized  in  the  application  fields  of  dielectrics,  piezoelectrics 
and  electrooptics. 

Multilayered  Dielectrics 

Electrostatic  capacitance  of  a  multilayer  capacitor  is  given  by  the  following  formula: 

C  =  neoES/(lin),  (1) 

where  e  is  the  relative  permittivity  of  the  material,  n  the  number  of  layers,  S  area,  and  L  is  the 
total  thickness  of  the  capacitor.  Note  that  the  capacitance  increases  drastically  in  proportion  to 
the  square  of  the  number  of  layers,  when  the  tot2d  size  is  fixed.  The  conventional  capacitor  of 
10  pF  with  30  pm  layer  thickness  used  to  have  70  mm^  in  volume  size.  With  decreasing  the 
layer  thickness  down  ‘o  10  pm,  the  device  volume  could  be  reduced  into  7.7  mm^.^) 

Multilayered  substrates  are  also  very  promising  for  making  a  hybrid  structure  of  an  electrical 
circuit.  Rgure  2  shows  a  sectional  view  of  a  monolithic  multicomponents-  ceramic  for  a  voltage 
controlled  crystal  oscillator, 2)  where  resistors  and  capacitors  are  included  in  the  substrate. 
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Moonie  Multimoonie 


Rg.1  Examples  of  multilayer,  multimorph  and  multi-moonie  structures. 
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Rg.2  Section  view  of  a  monolithic 
multicomponent  ceramic. 


Rg.3  (a)  Single-  and  two-layer  piezo¬ 
resonators.  (b)  Impectence  curves. 


Piezoelectric  Multilayers 


A  two-layered  piezoelectric  resonator  has  been  proposed  for  a  higher-order  mode 
oscillator .3)  Figure  3(a)  illustrates  single-  and  two-layered  structures  and  Fig.  3(b)  shows 
impedance  curves  for  these  two  resonators  as  a  function  of  frequency.  It  is  notable  that  the 
second-order  harmonic  mode  is  significant  in  the  two-layered  structure  compared  with  the 
fundamental  mode. 

Multilayer  piezoceramics  have  been  applied  to  actuators.  First  example  is  found  in  an 
ultrasonic  linear  motor.^)  The  merits  of  the  usage  of  a  multilayer  structure  are  low  drive  voltage 
and  a  large  value  of  ratio  of  input  electrical  energy  over  volume.  The  motor  consists  of  a  metal 
fork  and  a  piezoelectric  element  (Rg.  4(a))  and  the  motion  of  the  fork  legs  is  illustrated  in  Fig. 
4(b).  The  maximum  speed  of  30  cm/s  and  the  maximum  load  (thrust)  of  1 0  N  were  realized  for 
the  input  energy  of  0.7  W  with  an  efficiency  of  16  %. 

Second  example  is  a  dot  matrix  printer.^)  The  displacement  of  16  pm  in  a  20  mm-long  piezo¬ 
actuator  is  magnified  by  30  times  with  a  hinge  lever  mechanism  as  shown  in  Rg.  5(a).  And  24 
head  elements  are  arranged  to  make  a  printer  head  for  Chinese  characters  (Rg.  5(b)).  The 
printing  speed  of  100  characters  /sec  is  3  times  quicker  than  the  conventional 
electromagnetic  printer. 

Thirdly,  a  deformable  mirror  is  introduced,®)  which  is  useful  for  the  phase  matching  of  the  light 
wave  in  image  detectors  such  as  an  astronomic  telescope.  The  device  consists  of  three 
plates  of  lead  magnesium  niobate  based  (PMN)  electrostrictive  ceramics  bonded  together 
with  a  glass  mirror.  Each  ceramic  plate  posesses  a  different  electrode  pattern  to  generate 
focus  or  coma  aberration  on  the  mirror  surface  (See  Rg.  6(a)  and  (b)). 

A  laser  beam  scanner  is  the  most  recent  application  of  a  multi-moonie  actuator.^)  The  moonie 
consists  of  a  thin  multilayer  ceramic  element  and  two  metal  plates  with  a  narrow  moon-shaped 
cavity  bonded  together,  and  can  applify  the  small  displacement  induced  in  a  piezoelectric 
ceramic.  The  moonie  with  a  size  of  Smm  x  5mm  x  2.5mm  can  generate  a  1 8  pm  displacement 
under  60  V,  which  is  an  order  of  magnitude  as  large  as  the  generative  displacement  of  the 
multilayer  with  the  same  size.  This  compact  actuator  has  been  applied  to  make  a  miniaturized 
laser  beam  scanner  for  laser  printers  (Rg.  7). 

Multilayer  Electrooptic  Divices 


In  order  to  reduce  the  haif-wavelen^h  voltage  (i.  e.  drive  voltage),  the  muHilayer  structure  is 
also  used  in  el^rooptic  devices.  Figure  8  shows  a  PL2T  (lead  lanthunum  zirconate  titanate) 
light  valve  with  internal  electrodes.  An  order  of  magnitude  smaller  voltage  (  1 0OV)  is  sufficient 
to  drive  the  valve  in  comparison  with  the  usual  shutter. 

A  recent  application  is  found  in  a  2-dimensional  display  for  projection  type  TV's.®)  Hundreds 
of  PLZT  sheets  are  stacked  alternately  with  plate-through  and  separate  electrodes,  as  shown 
in  Fig.  9(a).  Plate-through  and  separate  electrodes  are  used  for  horizontal  and  vertical 
addressing,  respectively.  A  pixcel  consists  of  a  pair  of  PLZT  sections  beside  a  plate-through 
electrode  (Rg.  9(b)).  Figure  9(c)  shows  a  character  *P  projected  on  a  screen. 

PREPARATION  PROCESS  OF  MULTILAYERED  STRUCTURES 

Two  preparation  processes  are  possible  for  multilayered  ceramic  devices:  one  is  a  cut-and- 
bond  method  and  the  other  is  a  tape-casting  method.  Rgur?  10(a)  and  10(b)  show  the  flow¬ 
charts  of  the  both  methods.  The  tape-casting  method  requir:  s  expensive  fabrication  facilities 
and  sophisticated  techniques,  but  is  suitable  for  mass-pr^uction. 
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Rg.4  (a)  Structure  of  an  uttrasonic  linear  rrxjtor.  (b)  Motion  of  the  fork  legs. 


Rg.  5  (a)  Printer  head  element  consisting  of  a  multilayer  piezoceramic, 
(b)  Dot  matrix  printer  head. 
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Rg.6  (a)  Structure  of  a  multi-morph  deformable  minor,  (b)  Actual  control  of  wavefront. 


Rg.7  Laser  beam  scanner  utilizing  a  piezoelectric  multi-moonie  actuator. 
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Electric  Field  (kV/mm) 


(b) 


FIGURE  2  Longitudinally  (a)  and  transversely  (b)  induced  strains  in  the  PNZST  ceramics  under  an 
electric  field  cycle. 


FIGURE  3  Measuring  system  for  the  crack  propagation  experiments. 
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IK-C40),  a  displacement  sensor  (Millitron,  Nr.  1301)  and  an  acoustic  emission 
(AE)  sensor  (NF  Circuit  Design  Block,  AE-905).  The  Charge  Coupled  Device 
used  here  had  400,000  pixels,  and  1  |xm  length  on  the  sample  was  magnified  up  to 
1  mm  on  the  TV  monitor.  The  crack  propagation  process  was  recorded  in  a  VCR 
(Mitsubishi  HV-V36).  The  AE  measuring  system  has  been  newly  attached,  in 
comparison  with  the  previous  set  up  in  Reference  1.  The  sample  was  driven  by  a 
triangular  electric  field  of  =  40  kV/cm  at  0.1  Hz. 


3.  RESULTS 
3.1  Clamping  Effect 

The  clamping  effect  on  the  strain  in  the  multilayer  model  actuator  is  illustrated  in 
Figure  4,  where  /„  is  the  length  of  the  plate-through  electrode  (6  mm)  and  f  is  the 
length  of  the  shorter  electrode.  The  displacement  of  the  actuator  with  the  electrode 
ratio  of  /,//„  =  1  is  almost  uniform  across  the  actuator  face.  On  the  other  hand, 
the  displacement  of  the  sample  with  IJIq  =  0.85  or  0.61  is  reduced  remarkably 
outside  the  electrode  edge,  i.e.,  in  the  electrostrictively  inactive  region.  Therefore, 
a  large  internal  stress  should  be  induced  near  the  boundary  between  the  active  and 
inactive  portions  of  the  multilayer  model  actuator.  The  clamping  effect  becomes 
even  bigger  by  enlarging  the  inactive  region. 


i/i» 


10 


□  :)i./£o  -1.  00 
®  :z»/zo  -0.  85 
®  :z*/zo  -0.  6  1 


FIGURE  4  Clamping  effect  in  the  multilayer  model  actuators  with  an  interdigital  electrode  config¬ 
uration. 
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3.2  Crack  Propagation 

Crack  generation  and  propagation  resulting  from  the  internal  stress  was  observed 
and  recorded  dynamically  using  a  CCD  microscope  and  a  VTR  recorder. 

Figure  5  shows  a  typical  crack  propagation  process  observed  for  a  sample  having 
a  layer  thickness  of  200  p.m.  Although  some  pores  exist  in  the  sample,  the  uniform 


(a)  initial 
State 


(b)  36  Cycles 


(c)  360  Cycles 


FIGURE  5  Crack  generation  and  propagation  process  in  the  multilayer  model  actuator. 
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(a) 


(b) 


FIGURE  6  Layer 
generation  (a),  and 


Layer  Thickness  of  Mulfilayer  Device  (jjm) 


thickness  dependence  of  the  critical  deformation  cvcie  required  for  the  initial  crack 
of  the  crack  propagation  speed  per  drive  cycle  (b). 


Mistence  might  not  give  significant  effect  on  the  crack  propagation  mechanism 
■^e  series  of  pictures  was  copied  from  the  VCR  tape.  The  crack  initiates  between 
the  electrodes  slightly  inside  the  electrode  edge  after  36  electric  field  cycles  in  this 
sample.  The  crack  then  propagates  along  the  center  area  between  the  electrode 
pair  (48  cycles),  then  finally  branching  around  the  electrode  edge  after  360  cycles. 

It  is  noteworthy  that  the  crack  opens  widely  under  the  electric  field  and  closes  at 
zero  field. 

This  result  is  different  from  that  of  piezoelectric  multilayer  model  actuator.  In 
the  case  of  piezoelectric  actuators,  the  crack  is  initiated  at  the  electrode  edge  and 
propagates  in  three  directions  from  the  electrode  edge:  two  cracks  move  toward 
the  other  electrostrictively  inactive  region,  and  one  moves  toward  the  ceramic- 
electrode  interface. 
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Initial 

State 


60  Cycles 


Electric  Field  (kV/cm) 

FIGURE  7  Variation  of  the  displacement  during  the  destruction  (Pbo  wNbo  ozKZr,,  ySno  3)0  wsjTl  cwsln  wOj) 


FIGURE  8  Changes  in  acoustic  emission  count  during  the  fracture  process  (Pb|,wNb„,i:- 

((Zrii  780(1 3)o,955Ti(i  mslo.vKO.t)’ 
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The  difference  is  probably  due  to  the  difference  in  internal  stress  distribution. 
1  he  sign  of  the  longitudinally-induced  and  transversely-induced  strains  is  opposite 
in  the  piezoelectrics,  while  in  antiferroelectrics  undergoing  a  phase  change  rather 
isotropic  expansive  strains  are  induced  in  the  both  directrons.  Therefore,  the  in- 
^rnal  stress  distribution  in  antiferroelectrics  differs  from  that  of  piezoelectrics. 
Theoretical  calculations  of  the  internal  stress  distribution  are  now  in  progress. 

Similar  crack  propagation  processes  were  observed  in  the  samples  with  laver 
thicknesses  of  100  p.m  and  300  p,m,  when  driven  by  the  same  electric  field.  However, 
significant  differences  were  recognized  in  the  fracture  toughness.  Figures  6(a)  and 
6(b)  plot  the  layer  thickness  dependence  of  the  critical  deformation  cycles  required 
for  the  initial  crack  generation  and  of  the  crack  propagation  speed  per  drive  cycle. 

It  is  very  interesting  that  a  dramatic  improvement  in  the  fracture  toughness  is 
observed  in  the  thinner  layer  sample,  even  though  the  driving  electric  field  is  the 
same  for  all  three  samples. 

The  reason  is  not  clear,  but  it  may  be  related  to  the  ratio  between  the  grain  size 
(~5  fim)  and  the  layer  thickness.  This  result  reminds  us  of  a  general  empirical  rule 
of  dielectric  ceramics;  with  reducing  the  film  thickness,  the  electrical  breakdown 
field  increases  remarkably.  Further  investigation  is  required. 


3.3  Displacement  Change  During  Failure 

The  destruction  of  the  device  brings  a  change  in  the  induced  displacement.  Figure 
7  shows  the  variation  of  the  induced  displacement  during  the  crack  propagation 
process  for  the  model  actuator  with  a  layer  thickness  of  200  ^.m.  The  initial  dis¬ 
placement  of  about  0.6  fim  doubles  after  60  cycles.  This  can  probably  be  attributed 
to  the  bending  deformation  associated  with  the  crack  opening  and  closing  process. 
Further  increases  in  the  number  of  deformation  cycles  leads  to  a  decrease  in  the 
magnitude  of  the  displacement.  This  observation  can  be  explained  by  a  decrease 
of  the  effective  electric  field  in  the  ceramics  caused  by  the  narrow  air  gap  associated 
with  crack  formation. 


3.4  Variation  of  Acoustic  Emission  Count 

Acoustic  emission  events  (AE)  were  counted  during  the  destruction  process  of  the 
sample  with  a  layer  thickness  of  200  jim  (Figure  8).  The  AE  count  increases 
remarkably  after  the  crack  initiation,  reaching  a  maximum  at  60  cycles,  where  the 
crack  propagation  speed  is  maximum  and  the  largest  displacement  is  observed. 
Later,  the  acoustic  emission  count  leveled  off  after  the  crack  was  completed. 

In  the  previous  paper,  we  suggested  that  the  acoustic  emission  might  be  a  good 
predictor  for  recent  experiments  actuator  failure.^  This  results  supports  this  sug¬ 
gestion. 


4.  SUMMARY 

(1)  In  order  to  investigate  crack  propagation  mechanism  in  antiferroelectric  mul¬ 
tilayer  actuators,  we  have  fabricated  model  actuators  which  generate  high  speed 
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cracks.  The  fracture  generation  and  propagation  was  observed  dynamically  during 
cyclical  electric  fields  using  a  CCD  microscope.  Simultaneous  measurements  of  the 
induced  displacement  and  acoustic  emission  were  also  carried  out. 

(2)  The  crack  begins  slightly  inside  the  edge  of  the  internal  electrode  and  prop¬ 
agates  along  the  center  area  between  the  pair  electrodes.  Later  crack  branches  are 
generated  around  the  electrode  edge.  This  result  is  different  from  that  of  a  pi¬ 
ezoelectric  actuator. 

(3)  Reducing  the  layer  thickness  of  the  ceramic  actuator,  leads  to  a  drastic 
improvement  in  fracture  toughness. 
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Destruction  mechanisms  were  investigated  in  electrostrictor.  piezoelectric  and  phase-change  antiferroelectric 
ceramic  multilayer  actuators  with  an  interdigital  electrode  configuration.  Simultaneous  observations  were  done 
by  three  different  methods;  visual  observation  with  a  charge  coupled  device  (CCD)  microscope,  field-induced 
strain  and  acoustic  emission  (AE)  measurements.  During  a  cyclic  electric  field  application,  the  crack  was  initiated 
from  the  edge  of  an  internal  electrode  and  propagated  obliquely  to  another  electrode  in  the  piezoelectric  sample, 
while  in  the  antiferroelectric,  the  crack  was  initiated  between  a  pair  of  electrodes  and  propagated  parallel  to  the 
electrodes.  The  field-induced  strain  curve  exhibited  asymmetric  and  enhanced  strains  in  all  the  samples  during 
the  crack  propagation,  probably  due  to  the  internal  delaminations.  The  AE  count  aiso  increased  drastically  before 
the  destruction. 

KEYWORDS:  acoustic  emission,  actuator,  antiferroeiectric,  crack,  electrostrictor,  piezoelectric,  stress 


1.  Introduction 

Ceramic  multilayer  actuators  are  applicable  to  pre¬ 
cise  positioners,  because  of  their  quick  response,  large 
generative  force  and  high  electromechanical  transduc¬ 
tion  capability.  They  are  becoming  key  components  in 
semiconductor  manufacturing  processes,  precision  cut¬ 
ting  machines  etc.‘"®’  With  the  expanding  the  applica¬ 
tions,  the  durability  and  reliability  of  the  actuators 
have  become  very  important  issues. 

Figure  1(a)  shows  a  typical  interdigital  electrode 
configuration  of  a  multilayer-type  actuator.  In  this 
structure,  at  the  boundary  between  electrostrictively 
active  and  inactive  parts  (around  the  electrode  edge 
region),  the  internal  stress  concentration  should  arise 
under  an  electric  field.  This  internal  stress  concentra¬ 
tion  may  cause  self-destruction.®’  The  magnitude  of  the 
maximum  tensile  stress  was  estimated  to  be  as  large  as 
the  destruction  strength  of  the  ceramic  (lx  10®  Pa). 
Our  group  was  the  first  to  visually  observe  the  dynamic 
crack  initiation  and  propagation  process  using  a  charge 
coupled  device  (CCD)  microscope.’’ 

This  paper  describes  more  systematically  the  de¬ 
struction  process  in  three  different  ceramic  actuator 
materials:  piezoelectric,  electrostrictive  and  phase- 
change  materials.  Moreover,  three  different  observa¬ 
tion  techniques  were  used  simultaneously  in  this  study: 
visual  observation  with  a  CCD  microscope,  field-in¬ 
duced  strain  measurement  and  acoustic  emission  (AE) 
monitoring.  The  results  indicate  that  the  AE  count  is 
one  of  the  best  destruction-prediction  methods  for 
establishing  an  “intelligent”  actuator  system  with  a 
safety  mechanism. 

2.  Experimental 

The  multilayer  model  actuators  used  in  this  study 
were  prepared  by  the  tape  casting  method  (Fig.  1(b)). 
This  model  actuator  simulating  the  interdigital  elec¬ 
trode  configuration  had  two  electrostrictively  active 
layers  with  an  electrode  gap  of  200  fjtm.  Two  electrode 


side  gaps  (0.5  mm  and  3  mm)  were  formed  to  change 
the  electric  field  concentration  (see  (i)  and  (ii)  in  Fig. 
1(b)).  The  three  compositions  0.9Pb(Mgi/3Nb2/3)O3- 
0.1PbTiO3  (PMN-PT),  Pb((Ni,/3Nb3/,),  Zr,  TOOj 
(PNNZT)  and  Pbo.99Nbo.o2((Zro.7Sno.3)o.955Tioi)45)o,9803 
(PNZST)  were  chosen  as  examples  of  electrostrictive, 
piezoelectric  and  phase-change  (antiferroelectric) 
materials,  respectively.  The  magnitudes  of  the  field-in¬ 
duced  strains  are  0.1%,  0.2%  and  0.4%,  respectively. 
For  investigation  of  the  effect  of  the  layer  thickness, 
the  AE  count  of  the  piezoelectric  PNNZT  with  100  pm 
and  150  pm,  and  antiferroelectric  PNZST  with  100  pm 
and  300  pm  electrode  gap  samples  were  also  measured. 


(a) 


Intemal  electrode 


(b) 


lOmm 

Fig.  1.  (a)  Actuator  with  interdigital  electrodes,  (b)  Model  actuator 
used  in  the  experiment. 
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ence  in  the  strain  induction  mechanism:  that  is.  both 
the  field-induced  longitudinal  and  transverse  strains  in 
the  antiferroelectric  are  expansive  (i.e..  the  Poisson's 
ratio  is  negative),  unlike  the  normal  piezoelectric  or 
electrostrictive  material. 

In  both  the  piezoelectric  and  antiferroelectric  sam- 


Fig.  2.  Measuring  system  of  the  destruction  mechanism. 


Figure  2  shows  the  measuring  system  consisting  of  a 
microscope  (ELMO.  Model  MS-'VII-A)  with  a  CCD 
(Toshiba,  Model  IK-C40),  a  displacement  sensor 
(Millitron,  Model  1301)  and  an  acoustic  sensor  (NF  Cor¬ 
poration,  AE-905USF116).  An  excessively  large  elec¬ 
tric  field  was  applied  (NF  Corporation,  Model  4045)  in 
order  to  accelerate  the  actuator  collapse.  The  samples 
were  bipolar-driven  at  1  Hz  by  a  triangular  electric  field 
of  ±2.0  kV/mm  for  the  electrostrictor  and  piezoelec¬ 
tric,  and  ±4.0k'V/mm  for  the  antiferroelectric.  The 
crack  propagation  process  was  recorded  by  VCR,  and 
the  induced  strain  and  the  AE  count  data  were  stored 
in  a  computer. 


(b) 


Fig.  3.  Cracking  patterns  in  piezoelectric  PNNZT. 


3.  Results  and  Discussion 
3. 1  Crack  propagation 

Figure  3  shows  typical  cracking  patterns  in  the 
piezoelectric  PNNZT.  The  crack  is  usually  initiated  at 
the  edge  of  the  internal  electrode  ((i)  in  Fig.  3(a))  and 
propagates  obliquely  outward  to  another  electrode  and 
outward  of  the  electrode  ((i)  in  Fig.  3(b)).  The  crack 
was  initiated  preferentially  in  the  area  (i)  to  area  (ii)  of 
Fig.  1(b).  At  the  same  time,  delamination  is  generated 
between  the  electrode  and  ceramic  interface  ((iii)  in 
Fig.  3(b)),  so  as  to  form  a  final  Y-shaped  crack  branch. 
This  result  coincides  with  theoretically  expected  elec¬ 
tric  field/stress-  distribution.®'  Occasionally,  a  crack 
which  propagates  vertically  between  a  pair  of  internal 
electrodes  is  observed,  only  when  an  internal  defect  is 
located  near  the  electrode  ((iv)  in  Fig.  3(b)). 

On  the  other  hand,  in  the  antiferroelectric  PNZST. 
the  crack  is  initiated  between  the  electrodes,  grows 
along  the  center  area,  and  branches  at  the  electrode 
edge  area  (Fig.  4).  The  difference  between  the  V- 
shaped  crack  location  in  the  piezoelectric  and  the 
phase-change  materials  may  be  caused  by  the  differ- 


Fig.  4.  Cracking  pattern  in  phase-change  PNZST. 
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pies,  the  destruction  processes  were  easily  observed; 
however,  in  the  electrostrictor  the  crack  propagation 
was  not  detected  clearly,  probably  due  to  the  small  in¬ 
duced  strain  level. 

3.2  Displacement  changes  during  the  destruction 
The  induced  strain  changes  are  shown  in  Fig.  5. 
During  the  crack  propagation,  the  magnitude  of  the  in¬ 
duced  strain  is  increased  by  20~40  percent  in  all  sam¬ 
ples,  with  rather  asymmetric  characteristics  compared 
with  the  initial  state.  This  enhancement  is  probably 
due  to  the  crack  opening  and  closing  motions  under  the 
field. 
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3.3  Acoustic  emission 

Figure  6  plots  the  AE  counts  accumulated  in  one 
drive  cycle,  as  a  function  of  total  driving  cycle  for  the 
three  samples.  All  the  samples  show  a  remarkable  in- 
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Electrode  gap 

Fig.  7.  Layer  thickness  dependence  of  the  device  durability,  (a) 
Electric-field  cycle  required  to  initiate  the  crack  in  PNZST,  (b)  AE 
count  change,  and  (c)  electric  field  cycle  necessary  to  generate  the 
maximum  AE  count  in  PNNZT. 
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Fig.  6.  AE  counts  accumulated  in  one  drive  cycle. 


Fig.  8.  Intelligent  actuator  system. 
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crease  in  the  AE  count  during  the  crack  propagation 
and  leveiing-off  after  the  crack  is  completed.  The  sig¬ 
nificant  difference  in  the  breakdown  cycle  (i.e..  durabil¬ 
ity)  among  the  three  samples  is  probably  attributed  to 
the  magnitude  of  the  maximum  strain;  that  is.  0.1%  in 
the  electrostrictor.  0.2%  in  the  piezoelectric  and  0.4% 
in  the  antiferroelectric  samples. 

3.4  Layer  thickness  dependence  of  the  destruction 
A  very  important  empirical  rule  was  clarified  during 
a  series  of  experiment;  the  durability  of  the  devices  is 
remarkably  improved  with  reducing  thickness  of  the 
ceramic  layers.  Figure  7(a)  shows  the  electric-field 
cycle  required  to  initiate  the  crack  (CCD  observation  in 
the  antiferroelectric  PNZST).  Figure  7(b)  shows  the 
AE  count  change  for  samples  with  different  layer 
thickness  and  Fig.  7(c)  plots  the  electric  field  cycle 
necessary  to  generate  the  maximum  AE  count  (in  the 
piezoelectric  PNNZT)  as  a  function  of  layer  thickness. 
The  drive  lifetime  increases  exponentially  with  decreas¬ 
ing  layer  thickness. 

4.  Conclusions 

Three  different  techniques  were  adopted  to  clarify 
the  destruction  mechanisms  of  ceramic  multilayer  actu¬ 
ators:  a  CCD  microscope,  induced  displacement  meas¬ 
urement  and  acoustic  emission  monitoring.  Somewhat 
different  crack  propagation  processes  were  observed 
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depending  on  the  actuator  materials:  The  crack  initiat¬ 
ed  at  the  edge  of  the  electrode  and  formed  a  Y-shaped 
crack  in  the  piezoelectric:  the  crack  initiated  between 
the  electrodes,  propagated  in  both  directions  and  bran¬ 
ched  around  the  electrodes  edge  area  (Y-shaped  crack 
between  the  electrodes)  in  the  antiferroelectric.  Enhan¬ 
cement  in  the  field-induced-strain  and  in  the  AE  count 
was  observed  during  the  crack  propagation. 

Finally,  an  intelligent  actuator  system  with  a  safety 
mechanism  is  proposed  in  Fig.  8.  If  the  destruction 
manifestation  of  the  actuator  is  detected  by  the  AE  mo¬ 
nitor.  the  total  actuator  system  will  be  safely  stopped 
without  causing  any  damage  to  the  controlled  system. 
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ABSTRACT 

Destruction  mechanisms  in  electrostrictor,  piezoelectric  and  phase- 
change  antiferroelectric  ceramic  multilayer  actuators  with  an  interdigital 
electrode  configuration  were  investigated.  Simultaneous  observations  were 
done  by  four  different  methods;  visual  observation  with  a  CCD-microscope, 
field-induced  strain,  acoustic  emission  (AE)  and  surface  potential 
measurements.  During  a  cyclic  electric  field  application,  the  crack  was  initiated 
from  the  edge  of  an  internal  electrode  and  propagated  obliquely  to  another 
electrode  in  the  piezoelectric  sample,  while  in  the  antiferroelectric,  the  crack 
was  initiated  between  a  pair  of  electrodes  and  propagated  parallel  to  the 
electrodes.  The  field-induced  strain  curve  exhibited  asymmetric  and  enhanced 
strains  in  all  the  samples  during  the  crack  propagation,  probably  due  to  the 
internal  delaminations.  The  AE  count  increased  and  the  surface  potential 
decreased  drastically  just  before  the  destruction. 

INTRODUCTION 

The  expanding  number  of  applications  of  ceramic  actuators  has  made 
the  reliability  of  the  devices  much  more  important  (Kouno,  1984;  Moriyama  and 
Uchida,  1984;  Yano  and  Takahashi,  1988;  Uchino  1986,  1993).  Safety  will  be 
the  number  one  priority  in  ceramic  actuator  systems,  because  sudden  collapse 
of  the  actuator  often  causes  serious  problems. 

We  have  been  proposing  an  "intelligent  actuator  system"  containing  a 
position  drift  compensation  mechanism  and  a  safety  feedback  function,  as 
illustrated  in  Fig.1  (Aburatani  et  al.,  1994).  The  latter  function  can  stop  an 
actuator  drive  safely  without  causing  any  serious  damages  onto  the  work,  e.  g. 
in  a  precision  lathe  machine.  This  paper  reports  three  possible  predictors  for 
the  actuator  failure;  induced-displacement  monitoring,  acoustic  emission  (AE) 
counting  and  surface  voltage  measurement. 

Figure  2(a)  shows  a  typical  interdigital  electrode  configuration  of  a 
multilayer  type  piezoelectric  actuator.  In  this  structure,  at  the  boundary 
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between  electrostrictively  active  and  inactive  parts,  around  the  electrode  edge 
region,  the  internal  stress  concentration  should  arise  under  an  electric  field 
applied  and  may  cause  self-destruction  (Takahashi  et  al.,  1983).  The 
magnitude  of  the  maximum  tensile  stress  was  estimated  as  large  as  the 
destruction  strength  of  the  ceramic  (1x1  o8  Pa).  Our  group  was  the  first  to 
visually  observe  the  dynamic  crack  initiation  and  propagation  processes  using 
a  charge  coupled  device  (CCD)  microscope  (Furuta  and  Uchino,  1993). 

In  this  paper,  the  destruction  process  has  been  investigated  in  three 
different  ceramic  actuator  materials:  piezoelectric,  electrostrictive  and  phase- 
change  materials,  using  simultaneous  four  different  observation  techniques: 
visual  observation  with  a  CCD  microscope  ,  field  induced  strain,  acoustic 
emission  (AE)  and  surface  potential  measurements.  The  results  indicate  that 
the  AE  count  and  potential  monitoring  are  the  best  destruction-prediction 
methods  to  establish  an  "intelligent "  actuator  system. 


Figure  1  Intelligent  actuator  system 
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EXPERIMENTS 

The  multilayer  model  actuators  used  in  this  study  were  prepared  by  a 
tape  casting  method  (Fig.  2(b)).  This  model  actuator  simulating  the 
interdigital  electrode  configuration  had  two  electrostrictively  active  layers  with 
an  electrode  gap  200mm.  Two  electrode  side  gaps  (0.5mm  and  3mm)  were 
made  to  change  the  electric  field  concentration.  The  three  compositions 
0.9Ft)(Mgiy3Nb2/Q)Q3-O.1PbTiQ3(PMN-P7),  Pb((Ni1/3Nb2^)^,7iP3(PNNZr)  and 
Pb0.99Nb0.02  ((ZrD.7Sno5to.955To.045)OS8Q3  (PNZST)  were  chosen  for  the 
examples  of  electrostrictive,  piezoelectric  and  phase-change  (antiferroelectric) 
materials,  respectively.  The  magnitudes  of  the  field-induced  strains  are  0. 1  %, 
0.2%  and  0.4%,  respectively. 


Figure  2  (a)  Actuator  with  interdigilal  electrodes 

(b)  Model  actuator  used  in  the  experiment 
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Figure  3(a)  shows  the  measuring  system  consisting  of  a  displacement 
sensor  (Millitron,  Model  1301),  an  acoustic  sensor  (NF  Corporation,  AE- 
905USF  116)  and  a  voltage  meter.  An  additional  surface  electrode  was  coated 
on  the  actuator  sample  near  the  internal  electrode  edge  to  monitor  the 
potential  change  (Fig.  3(b)).  An  exaggeratedly  large  electric  field  was  applied 
(NF  Corporation,  Model  4045)  in  order  to  accelerate  the  actuator  collapse 
The  samples  were  bipolar-driven  at  1  Hz  by  a  triangular  electric  field  of 
±2.0kV/mm  for  the  electrostrictor  and  piezoelectric,  and  ±4.0kV/mm  for  the 
antiferroelectric.  The  crack  propagation  process  was  recorded  in  a  VCR,  and 
the  induced  strain,  the  AE  count  and  the  surface  potential  data  were  stored  in 
a  computer. 


Rgure  3  (a)  Measurement  system 

(b)  Sample  for  surface  potential  measuremeni 
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RESULTS  AND  DISCUSSIONS 

(1)  CRACK  PROPAGATION 


Figure  4(a)  shows  a  typical  cracking  pattern  observed  in  the 
piezoelectric  PNNZT .  The  crack  is  usually  initiated  at  the  edge  of  the  internal 
e  ectrode  and  propagates  obliquely  to  another  electrode  and  outward  of  the 
electrode.  The  crack  was  initiated  preferentially  in  the  area(i)  to  the  area(ii)  of 
rig.  2(b).  At  the  same  time,  the  delamination  is  generated  on  the  electrode- 
cerarnic  interfaces,  so  as  to  make  a  final  Y-shaped  crack  branch.  This  result 
coincides  with  theoretically  expected  electric  field/stress  distribution 

contrary,  in  the  antiferroelectric 
'  the  crack  is  initiated  between  the  electrodes,  grows  along  the  center 

are^  and  branches  at  the  electrode  edge  area  (Fig.  4(b)).  The  difference  of 
the  Y-shaped  crack  location  between  the  piezoelectric  and  the  phase-change 
materials  may  be  caused  by  the  difference  in  the  strain  induction  mechanism  : 
that  IS,  both  the  field-induced  longitudinal  and  transverse  strains  in  the 
antiferroelectric  are  expansive  (i.  e.  the  Poisson's  ratio  is  negatived  unlike  the 
normal  piezoelectric  or  electrostrictive  material. 


Figure  4  (a)  Cracking  pattern  in  piezoelectric  PNNZT 
(b)  Cracking  pattern  in  phase-change  PNZST 
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(2)  DISPLACEMENT  CHANGES  DURING  THE  DESTRUCTION 

The  induced  strain  changes  are  shown  in  Fig.  5.  During  the  crack 
propagation,  the  magnitude  of  the  induced  strain  is  increased  by  several  tens 
%  in  all  samples,  with  rather  asymmetric  characteristics  compared  with  the 
initial  state.  This  enhancement  is  probably  due  to  the  crack  opening  and 
closing  motions  under  the  field. 


Figure  5  Induced  strain  change 
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(3)  ACOUSTIC  EMISSION 

Figure  6  plots  the  AE  count  accumulated  in  one  drive  cycle,  as  a  function 
of  total  driving  cycle  for  the  three  samples.  All  the  samples  show  a  remarkable 
increase  of  the  AE  count  during  the  crack  propagation  and  leveling-off  after  the 
crack  completed.  The  significant  difference  in  the  break  down  cycle  (i.  e. 
durability)  among  the  three  samples  is  probably  attributed  to  the  magnitude  of 
the  maximum  strain;  that  is,  0.1%  in  the  eiectrostrictor,  0.2%  in  the 
piezoelectric  and  0.4  %  in  the  antiferroelectric  samples. 


Figure  6  AE  count  accumulated  in  one  driving  cycle 


(4)  SURFACE  POTENTIAL  CHANGE 

The  surface  potential  change  was  monitored  through  the  surface 
electrode.  Figure  7(a)  shows  an  example  curve  obtained  for  a  piezoelectric 
sample  during  a  voltage  cycle,  which  resembles  the  polarization-electric  field 
curves.  The  peak-to-peak  surface  potential  is  shown  in  Fig.  7(b)  as  a  function 
of  drive  cycle,  where  the  AE  count  is  also  plotted.  A  drastic  change  at  the 
initial  stage  is  mainly  due  to  the  reorientation  of  the  spontaneous  polarization. 
It  is  noteworthy  that  the  surface  potential  drop  was  detected  according  to  the 
crack  propagation  and  the  AE  count  increase.  The  complete  crack  inside  the 
device  (i.  e.  air  gap)  may  decrease  the  surface  voltage. 


Potential  (V) 


Figure  7  (a)  Surface  potential  curve  for  the  piezoelectric  PNNZT 

(b)  Peak-to-peak  potential  change  as  a  function  of  driving  cycle 
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CONCLUSIONS 

Three  different  techniques  were  adopted  to  monitor  the  destruction  of 
ceramic  multilayer  actuators:  induced  displacement,  acoustic  emission  and 
surface  potential  change  measurements.  Enhancement  in  the  field  induced 
strain  was  observed  during  the  crack  propagation,  but  this  is  sometimes 
confused  as  thermal  effect.  On  the  contrary,  drastic  change  in  the  AE  count  is 
a  good  predictor  for  the  collapse  of  the  actuator,  and  the  surface  potential 
monitoring  will  be  another  alternative.  If  the  destruction  symptom  of  the 
actuator  is  detected  by  one  of  these  monitoring  methods,  the  total  actuator 
system  will  be  safely  stopped  without  causing  any  damages  to  the  controlled 
thing.. 
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